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PREFACE 


Jhe book is intended to be of the btfindard of the B.A. and 
B.Sc. Pass Course of Calcutta and other Indian Universities. 
^Nothing original is claimed for a work so elementary, and Dn so 
widely written a subject. We only hope the arrangement will 
be found to be logical and the treatment both brief and clear. 
Also, our aim throughout has been to provide the reader with 
clear fundamental notions of Astronomy rather than exhaustive 
infoimation. 

Though Stellar Astronomy is not explicitly included in the 
course in view, we haVe devoted a chapter to it at the end, 
dealing mainly with dynamioal aspects. A companion book ia 
in course of preparation, in^hich Spherical Trigonometry and 
generally more mathematical details will be introduced to meet 
the needs of Honours students. 


We are perhaps unconsciously, but*Bpne the less suoely, 
indebted to many excellent astronomical bodks of diverse natme, 
both by Indian and European authors. We 'ac)mowledge our 
general indebtedness to them all. 


Our most cordial thanks are due to Book* Society* o^India 
Ltd., and particularly to their Director, Prof. B.. Banerj'ee who 
accomplished the feat, almost impossible undir.^ ^resetftt 
conditions, of seeing the book through the press'in the co^e of ' 
three weeks. 


We shall be grateful to any one 


pointing out mistakes 


which probably cannot be avoided in so hurried a 
and making helpful suggestions for improvement. 



/^Icutta, 
Vuly, 1948. 


B. 0. B. 
M. 0. 0. 
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I. INTRODUCTION 


1. 1. Astronomy is the science of celestial bodies. Originally 
it was chiefly concerped with the study of motion of * planets 
In modern times different aspects of the study of stars occupy 
the centre of interest. It would be artificial to divide the subject 
into clear-cut branches. But in order to give an idea of the 
topics we shall discuss in the following pages, we ma}[ classify 
astronomical topics in general as (i) mathematical and (ii) phya- 
cal. The object of the first class of topics is, for instance, to 
discover true motion of cel«ial. bodies from apparent, to offer 
dynamical explanation for th|m, to explain phenomena (such as 
eclipses) which are the consequences of such motions; to determine 
distances, dimensions and masses, etc. of celestial bodies, and 
so on. On the other hand, the object of the second class of topics 
is to discover elements or any compounds in the composition of 
celestial bodies, to find out^e temperature and the state of matter 
(t.e., whether solid, liquid or gaseous) on the surface and if possible 
in the interior of celestial bodies, to exi>lam the source of heat and 
light of .the sun and other celestial bodies, and so on. 

We shall be concerned chiefly with topics of the first class.* 

I. 2. We must start on our study of Astronomy with obser- 
vation of apparent motion of celestial bodies. Suppose we take 
our stand in an open field, on a clear moonless night. The sky 
appears to be hemispherical, bedecked with apparently innumer- 
able points of light, generally called stars. To get apparent 
motion of a star, its position must be observed at intervals. But 
it is obvious at once that of -the two elements (i) direction and (ii) 
^distance which define position, there is no immediate means of 
*nieS(Suring the second. We therefore represent the position of a 
celesdal body by the point in the same direction on a sphere 
h^viiig the observer at the centre. To represent all celestial 
bodies, the sphere must.be complete. For, undoubtedly there are, 
at any instant, celestial bodies below the horizon; only we ran- 
not see them on account of the interventiim of the opaque matter 
of the 'earth. 

Definition : The sphere described with the observer at centre, 
on which we choose to represent positions of all celestial bodies, is 
called the CdesM Sphere: such representation, it is to be under- 
stood, is only ifjdth regard to direction and not distance of a celestial 
bo^. • 

;i. y. Though we are unable at ffie very start to measure 
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distances of slais, it is possible to infer from quite simple observa- 
tions that they must be enormous. Suppose we measure angles 

subtended at the eye by two particular 
stars S and S', from various points of the 
earth's surface, A, B,...(Fig. 1.3). •They 
are found to be all equal; even the finest 
instrument fails to detect any significant 
difference among them. 

If Z SAS'= Z SBS' rigorously, A, B, 
.must lie on a circulai arc SABS'. 
Hence the surface of the earth should be 
that formed by 1 evolving the arc about 
SS'. Such a surface is concave but from 
observations, a familiar example of 
^-3 which is that first the hull of a ship and 

then the mast gradually disappear Men the ship sails away from 
port, It IS obvious that the earth's ^irface is convex. So Z SAS', 
Z SRS' .. are not rigorously eqyal.l That they appear to be so 
must be because Z ASB, Z AS'B*,.. .. are immeasurably small.. 
Hence AS, AS', BS, BS' are incomparably greater than AB. 

^ Stars being situated at distances ( ompared with which dis- 
tances on the surfate of the earth are insignificant, we may look 
upon the radius of the celestial sphere as infinite and the entire 
earth as merely a point. 

I, 4. Since in our study of Mathematical Astronomy, we 
have constantly to do with a sphere, we need a few definitions and 
srnITple theorems relating to points and circles on a sphere. 

% 

Theorem (a): Any plane section of a sphere is a circl^ 
which is the greatest when the plane passes through the centre of 
the sphere and the radius of this greatest circle is equal to the 
radius of the sphere. 

Let APB be a plane seition of 
the sphere, centre O (Fig. i 4a). 
Draw or perpendicular to the plane 
meeting it at C. Take any poipt P 
on the section APB. Join CP, and 
OP. CP, being in the plane AP!B, is 
perpendicular to OC. Hence 

CP^ = OP* - OC* = r* - p* where 
r=the radius of the sphere and 
p-:=the perpendicular OC. 

For different points P, r and p 
remain the same; hence the distance 
p. of any point P on APB from C is 

rig. 1.4a constant; in other words, the section 

APB is a circle, C is its centre, and its radius is ^ual 
to ^ r*-p*. The section is the greatest when p=o, i,e., when its 
plane passes through the centre O, and its radius is then equal to r. 
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Definition : The greatest circles that can be drawn on a sphere 
are called Great circles. - ^ 

We have seen above that the radius of a great circle is eqijal 
to that of the sphere. 

Definition: All circles on a sphere, other than the greatest, 
that can be diawn, are called Small circles. 

Definition: The peipendicular, drawn through the centre of 
a sphere, to the plane of a great circle, meets the sphere in two 
points called Poles with reference to the great circle. Conversely, 
with reference to the Poles the great circle is called the Equator. 

Poles of a great circle may also be called Poles of any small 
circle whose plane is parallel to that of the great circle. 

Definition: Small rirclei* whose planes are parallel to that of 
a particular gR*at circle are failed simply Parallels with reference 
to it or to its poles. 


Definition: Any great circle passing through the poles o? an- 
other great circle, is called a Secondary to the latter. 

In Fig. T.4b, POP' is perpendicular through O to the plane 
of the great circle ACB. The points P,P' where it meets the sphere 
are therefore Poles of the great circle A('B; ACB is conversely 
the Equator with reference to 
P and P'. The great circle 
PC'P' passing through P and 
P' is a Secondary to tlie great 
circle ACB. There is plainly 
an infinite number of Secon- 
daries to the great circle ACB, 
because an infinite number of 
planes pass through P and P ^ 


i 




“ Theorem (b): One and only 
one great circle can be drawn A 
through two given points on a 
sphere. 

For, besides the two 
given points, the plane of the p’ 

great Circle must pass through pjg j . 

the centre of the sphere. These ' 

three points determine one and only one plane and so one and 
^nly one great circle. • 


Theorem (c): Th€ plane of a Secondary to a great circle is 
perpendicular to the plane of the great circle. ^ 

^ For tlie plane of the secondary contains both the pole and 
the centre of the great circle t.e., a normal to the plane of the 
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great circle. In Fig. 1.4b, the plane of the Secondary PCP' con- 
tains OP which is normal to the plane of the great circle ACB. 
'The plane K'P' is theiefoie perpendicular to the plane ACB. 

theorem (d); Two gieat circles bisect one another. 

Let ACB and A'CB' be two great circles and O the centre 
of the sphere (Fig. 1.4b). Their planes intersect in a straight line, 
and O, being a common point, lies on it The line of section 
C'OD is therefore a diameter to each circle. It follows that they 
bisect one another. 

7 heorem (e) : If the pole of one great circle lies on another, 
the pole of the second lies on the hist. 

Let the pole P of the great circle ACB lie on the great circle 
PCP' (Fig I 4b) To prove that thtf pole Q of PCP' lies on ACB 

Since P is the pole of ACB^andlO is the centre of the sphere, 
OP is perj)endiriilar to the plane of Similarly OQ is perpendi- 
cular to the plane PCP' and therefore perpendicular to OP which 
lies in PCP'. But all perpendiculars to OP through O must lie in 
AC £ Hence OQ lies in A('B, i.e., Q lies on the great circle ACB. 


Cor. If one great circle be secondary to another, the latter is 
also a secondary to the former. 

Theorem (f): The pole of a circle is equidistant from every 
point on the circumference of the circle. 

p Let O be the centre of a sphere 

and ED a circle on it. Let P 

be the pole of the circle. Then OP 
IS perpendicular to its plane. Let OP 
meet the plane of the circle in C; 

then C is the centre of the circle 
Take any two points D and E on the 
circle. Join CD, CE, OD, OE. From 
the identity of the two triangles OCD 
and OCE, POD= / POE. Therefore arc 
PD = arc PE. P is equidistant from 
Fig. 1.4c D and E. 



5. Definition: When three points on a sphere are joined 
two by two, by arcs of great circles, each less than a semicircle, 
the figure formed is called a Spherical triangle. 

JDefinition: The angle between two arcs of great circles is 
the angle between their planes. 

The arcs joining the points are called the sides, and the aqgles 
between the arcs, the angles of the spherical triangle. It is usual 
to measure sides of a spherical triangle by the angles they subtend 
at the centre of the sphere. If the radius of the sphere be unity 
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and the angles 
subtended by the 
arcs be in radi- 
ans, the mea- 
sure of the arcs 
and of the an- 
gles subtended 
by them are the 
same. 

‘ Let ABC (Fig. 

1.5b) be a sphe- 
rical triangle. As 

with plane triangles, the sides BC, CA, AB aie denoted by a, b/c, 
and the angles at the opposite vertices by A, B, ('; a, b, c, 
A, B, (' are measured in radians. 

Theorem (a); The suAi of any two sides of a spheiical tri- 
angle is greater than the thijd. 

Let ABC be a spherical triangle (Fig. 1.5b). Join the verti- 
ces A, B, C to the centie ot the sphere O. Then the face angles 
of the tiihedral angle at O aie a, b, c. It is proved in elem^tary 
geometry that the sum of any two face angles is greater than 
the third. Hence the theorem. 

Theorems in plane geometry on the identity of two triangles 
have their analogues in spherical geometry. We do not 
establish them in detail, because such cases as may occur in 
our study will be more or less obvious. Generally, two sph(irical 
triangles are identical if they have the following elements equal; — 
(i) Three sides; (ii) three angles; (iii) two sides and included angle; 
(iv) two angles and adjacent side; (v) two sides and one opposite 
angle; (vi) two angles and one opposite side. Cases (v) and (vi) are 
ambiguous; but if we are sure from the conditions of a problem 
that there is no ambiguity they will be identical. A point of 
diffeience between spherical and plane triangles, worthy of notice, 
is the following: 

Theorem (b); The sum of the angles of a spherical triangle 
is greatei than two right angles. 

Let ABC be a spherical triangle (Fig. 1.5b). Join OA, OB, OC 
and draw the outward normals to the planes OAB, OBC, CX 2 A; 
let them be Oab, Obc, Oca. They form a trihedral angle at O; 
the sum of its face angles is less than four right angles. But it is 
easy 'to see that the face angles are 180* - A, 180® ~B, i8o®-C. 
Hence 3x 180® - A-B-C < 360®; or A + B -f C>i8o®. 


Examples Woriced Out 

1. A great circle is drawn through the poles of two other 
great circles. Find the poles of the former. 

Let the two great circles intersect at A and B, and let P and 
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Q be their poles. Join OP and OQ, where O is the centre of the 
^here. OA is perpendicular to OP and also to OQ. Therefore 
OA is perpendicular to the plane of OP and OQ. Hence A is the 
pole of the great ciicle PQ. Similarly B is the other pole. , 

2. Show that : — (i) the angle between 
two great circles is the angle between their 
poles; (2) the angle between two great cir- 
cles is the arc intercepted by them on theii 
common secondary. 

^ Let P and Q be the poles of the 
gieat circles. Then OP and OQ are res- 
pectively perpendicular to their planes; 
the angle POQ is the angle between the 
planes, t,e., between the great circles. 

Let the ^leat circle PQ meet the two 
Fig. T.5C given gigat •lircles at M and N respec- 

tively. Then aic PM -arc QN. eacl| being 90“. Take away the 
common part; arc MN— arc PQ-the angle between the great 
circles 

If yM and yN be two given great circles and a M and 
aN are two other great circles drawn perpendicular to them, 
will the angle M rr N be always equal to the angle M yN? Show 
that they will be equal it fxN =- yM. 

Let P, K, m and n be the poles of yM, yN, (tM and cxN 
respectively (Fig. 2.4b). P and K will always lie on a M and a N 
and*m and n will lie on yM and yN. Imagine y M, yN and a M 
to be fixed and the great circle a N and so its pole n to be moving. 
Since the angle M (t N is equal to the angle between m and n it 
follows that it is variable and not always equal to the angle M yN. 

When (T N = yM the identity of the two right angled triangles 
is easily established and so the angle M rr N — the angle MyN. 

Exercise 1 

1 (live an idea o( the siib|c<ts studied in Astronomy 

u Mow do YOU tone hide that distances of stais must be enormous 
com|)«iied with distances on the surface of the earth? 

•\ Dehne Cfieat rude. Small circle, Lquator, Pole, Secondary, 
Paiallels. 

4 (an YOU diaw a gieai circle ihiough three points on a sphere? 
Can YOU draw a small circle through them? If so, how *knany? 

5. Can \ou diaw two gteat circles parallel to one another? 

Find the angles and sides of the spherical triangle formed by 
joining thf points where Oab, Obc, Oca meet the spheie in. 
Fig. 1.5b. 

7. Show that A ^ B 4. C ]> 180* for a spherical triangle. Is the sum 

c of the sides a, b, c greater or less than four right angles? 

8 If a point be equidistant from three great circles, it is equidistant 
tioni their poles. How many such points are there? 




2. THE CELESTIAL SPHERE 

2. 1. As a preliminary, it is convenient to divide celestial 
bodies into groups from a general consideration of their apparent 
motions. Below we describe such motions, group by group, as- 
suming that the reader can imagine devices by which they can 
be practically determined. Methods and instriimeats for more 
systematic and accurate observation will be described in a subse- 
quent chapter. 

srARs:*' By far the largest number of celestial bodies, called 
stars, fall into a group. They retain the same conhguration among 
themselves i.^., they move if bound together on a rigid frame. 
Other bodies exist, called planets* which have similar appearance 
to the naked eye. They ca-i however be easily distinguished by 
the essential criterion of appaierit motion. Jf a stajJikeJ)ody be 
found to change its relative position among stars m course of a few 
days, it is a planet. It is now possible to obtain photogra{»h of 
any portion of the sky by a few houts* exposure. In such a 
photograph, if stars appear i 5 s points, a planet in the field of view, 
appears as a short line, on account of its motion, relative 
to the system of stars. One who is familiar with the aspect of 
the sky can detect a planet, on a mere inspection of the region; it 
strikes him as a new object in the familial arrangement of siars. 
A ready means of distinguishing a planet from a star is provided 
by the fact that it appears as a disc in a telescope of even moderate 
magnifying power, while stars appear as points of light, however 
high the magnifying power may be. It is sometimes possible to 
distinguish stars from planets bv the fact that stars shine with 
twinkling light and planets shine with steady light. A star 
twinkles i,e., becomes alternately bright and faint due to the fact 
that the density of air is always changing and therefore light 
from a star undergoes constant changes in its passages through 
it to the observer. Planets do not twinkle because they are discs 
of light and not luminous points like stars. In reality ever^' point 
of the disc of the planet twinkles like a star, but the different 
points do not do so in unison, so that the sum of light remains 
nearlv uniform. 

Common features in apparent motion of all stars are: 

(1) Paths of stars arc small circles round a common pole 
i,e., the paths are parallels. 

(2) The motion is uniform throughout. > 

(3) The period of a complete revolution in the path is the 
same for all stars and is 23 hr. 56 min. 4 sec. of civil 
time. 

. On account of their unchanging configuration, stars were 
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called fixed stars by the ancients. We shall however see later, 
in CHAPTER 15, that they do have individual motions, though they 
VC very minute and a^e never appreciable to the eye even in 
centuries. But at preliminary stages of his study, the reader 
should regard stars to be fixed. 

^ Definition: The points where the diameter of the celestial 
sphere, which is perpendicular to the parallel planes of the small 
circles daily described by stars, meet the celestial sphere arc called 
Celestial poles. In other words, the common poles of the parallels, 
daily described by stars, are called celestial poles. 

The pole in the northern hemisphere is called the North Celes- 
tial pole and that in the southern, the South Celestial pole. 


^Definition: The great circle whose plane is perpendicular to 
the diameter pass>ing through the t^lestial poles, is called the 
Celestial Equator, 1 

Motions of other celestial bodies lire best given by their 1 da- 
tive motions with respect to stars. We imagine the celestial sphere, 
with stars fixed on it, to be at rest. Relative motion is then 
motibn against the fixed background of stars. Motion of stars, 
as well as of other celestial bodies, which is daily experienced by 
the observer, is of course reproduced by revolving the celestial 
sphere from east to west once in 23 hr. 56 min. 4 sec. 


THE sun: Relative to stars, the sun moves towards the east 
and 'describes a great circle in a period called the sidereal year. 
The motion is not strictly uniform; the nature of the variability 
will be given in a subsequent chapter. In consequence of this 
relative motion, the sun takes on an average 24 hr. of civil time 
to make a complete diurnal revolution, a little in excess of the 
period of revolution of a star. 

Since there is no other celestial body which has the same 
characteristic motion, the sun by himself forms a group. 

Perhaps the reader may find it difficult to see how the path of 
the sun among stars can be traced, when the latter are not visible 
at all in day time. The systematic method of recording positions 
of all celestial bodies will be explained later on. For the present^ 
we may adopt the following plan. When the sun comes up to the 
meridian (for the definition of the term, sec sec. 2.3) note the 
time and the elevation above the horizon. The star, diametri- 
cally opposite the sun at the instant, comes up to the meridian 
exactly after half the period of diurnal rotation of stars. Its 
elevation, when on the meridian, can also be easily calculated. 
Having found out* the star on the meridian, the position of the 
sun at his previous i^ssage over the meridian, can be located on 
a star-map at the diametrically opposite point. Repeating the, 
observation day after day we can trace out the whole path after 
a year’s observation. 
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yy^efimtton' The great circle^ described by the sun on the 
celestial sphere, relative to stars, is called the Ecliptic, 

The name Ecliptic was given by tke ancients, who noticed 
that an eclipse took place only when the moon is near this circle. 
The (ecliptic cuts the celestial equator at an angle 23*28' approxi- 
mately. This angle is called the obliquity of the Ecliptic, 

THE MOON : The moon also moves towards the east and des- 
cribes a great circle on the celestial sphere, relative to stars. The 
period of a complete revolution of the circle is 27 days, ap- 
proximately. Other details of the moon's motion are given in a 
later chapter. ’It is however clear that the moon should be treated 
as a separate group by herself, because her motion is different 
fiom that of the sun or any other celestial body. 

THE planets: The motion of a planet, relative to stars, is 
curious at first sight. It moves among stars, at times towards 
the east, at times towards tfjic west, and at times it is stationary 
among them. On account Jf this seemingly wayward motion, it 
has been called by the anaents 'planets', which literally means 
'wanderers'. 

comets: a comet has a distinctive form possessing a^ead 
and a comparatively large tail. It makes its appearance suddenly 
and remains in view generally for a short time. Its motion has 
features similar to that of the planets; but there are points of 
difference too. • 

METEORS. Meteors or shooting stars are celestial bodies and 
lal^o a subject of our study. They flash into sight only for ^ few 
seconds during which all observation is to be made. The scanty 
information so gathered gives, as we shall see later on, a clue to 
their origin and nature. 

2. 2. 'The ancients noticed that the sun, the moon, and 
the planets are alwa}^ to be found within a limited belt of the 
celestial sphere bounded by two small circles, one on each side 
of the ecliptic and distant 8® from it. This belt is known as the 
Zodiac which means 'zone of the animals'. The name has been 
given by the ancients from imaginary resemblance of different 
constellations {i,e,, groups of stars) situated in the belt to different 
Animals. The Zodiac is divided into twelve sections, each of 30'^, 
marked by twelve constellations which are called the signs of the 


zodiac. 

They arc in order towards the 

east: 



• 

Aries 

Taurus Gemini 

C ancer 

Leo 

Virgo 

Libra 




ft'f 


gF 

Scorpio 

Sagittarius 

Capricomus 

Aquarius 

Pisces 








\yifefinitions: tThe points at which the ecliptic cuts the ^uator 
called tiie First point of and the First point of Libra* The 
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First point of Aries (symbol y) is the point on the equator through 
which the sun, in his motion relative to stars, crosses from the 
southern to the northeift half of the celestial sphere. The First 
pohit of Libra (symbol Q ) is the point through which the sun 
crosses from the north to the south of the equator in his relative 
mohon among stars. These names were given by the ancients 
when the points were actually situated in the respective constel- 
lations. They have since shifted backward and the point called 
the First point of Aries is now in the constellation Pisces, and 
that called the First point of Libra, in the constellation Virgo. 
Still the old names are retained. 

The sun arrives at the First point of Aries every year on the 
2ist March; he is 90“ farther on on the 21st June; at the First 
point of Libra on the 23rd. September and 90^ farther on on the 
2ist December. ^ ^ 

3. Definition : The direction of the plumb line is the 
vertical direction. The great circle on the celestial sphere whose 
plarc is perpendicular to the vertical direction is called the Celes^ 
tial horizon or simply Horizon 

^^efinifion: The vertical line drawn through the centre meets 
the celestial* sphere in two points; the point above the horizon is 
called the Zenith and the point below the horizon the Nadir. 



tial pole is called the Celestial meridian or simply the Meridian. 
Note that by Theorem (b), sec. 1.4, only one such great circle 


can be drawn. 


^Definition: When a celestial body is just on the meridian it 
is said to be in transit. 

(The points where the meridian meets the horizon are called 
the North and the South points. The celestial equator cuts the 
horizon in two^ points which are called the East and the West 
points^ It is easily seen that these points of intersection are 90" 
from the North or the South point. The poles of the horizon anH 
the equator both lie on the meridian. Hence by Theorem (e), sec. 
1.4. the pole of the meridian lies on both the horizon and the 
equator; in other words, it is at the intersection of the two. 
Hence its distance from the north 'or the south point, both of which 
are points on the meridian, is 90”. Of the two points of intersec- 
tion, the one to fhe right when we face north is the east point 
and the other, the west point. The north, south, east and west 
P9ints are called the Cardindl points of the hbrizon^ 

c 

'•JDefiMiioH: Any great circle through the zenith, i.e., 
secondaiy to the horizon is called a Vertical. vertical threihgih 
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the east and the west points 
is called the Prime vertical j 
In Fig. 2.3a, the straight 
line ZOZ' is the vertical di- 
rection, Z is the zenith and Z' 
the nadir. The great circle 
N E S W peipendicular to 
ZOZ' is the celestial horizon. 
The great circle ZPN through 
the zenith Z and the celes- 
tial pole P is the meridian. 
The points N, S where it 
meets the horizon are the 
north and the south points. 
The celestial equator QEQ* 
cuts the horizon at E and 



which are the east and thj * Fig. 2.3a 

west points. Great circles 
ZSiMj, Z'SaMj, ZSaMa are verticals. 


N 


The position of a point in a plane is defined by its Cai^ian 
co-ordinates with refeience to two fixed straight lines as axes. 
Similarly, the position of '4 point on a sphere can be defined by 
suitably chosen spherical co-ordinates with reference to a fixed 
great circle and a fixed point on it as origin. Different systems of 
co-(or^ates in use in Astronomy are given below. 

* v^) Altitude and Azimuth: In this system the horizon is the 
refeience circle. Altitude of a celestial body is its distance from 
the horizon measured along the vertical drawn through it. The 
range gf measures of altitudes is from o® to 90®. When the body 
is below the horizon, its altitude may be considered negative. Often, 
instead of altitude its complement called the Zenith distance (ab- 
bieviation used is Z. D.) is employed. 

Azimuth is the distance of the foot of the vertical drawn 


thiough the body, measured along the horizon, from a point on it, 
usually*the south point. The lange of values of azimuth is from 
o® to 180®, east and west,"^ The reckoning of azimuth varies in 
practice; but it should always be giveir in a way which leaves no 
room for ambiguity. 

In Fig. 2.3a, ZSiM,, Z'SjiMa, ZS3M3 are verticals drawn 
through the celestial bodies S^, S,, S3. The altitudes of and S3 
are and SaM3 respectively. The altitude of S, is negative, 
the magnitude being S^Ma. Considering M^Si Z S3M3 to be the same 
great circle, the altitude of S3 may not be indicated by the longer 
arc S3 Z SjMj but by the shorter arc S3M3. T^e azimuth of is 
SM,. Supposing it to be equal to 150”, the azimuth should be 
given as S 150® E,*^meaning that it is measured from the south 
along the eastern half of the horizon. • 

Though this system is the most obviouSi it is inconvenimt in 
onb important respect. Stars which fonn the largest grout) ^ 
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celestial bodies and have no relative motion among themselves, do 
not have permanent co-ordinates in this system; for, their posi- 
tions constantly change •^ith respect to the horizon. 

' A system in which the co-ordinates of stars remain constant 
is the ‘following : * 

Right Ascension and Declination: In this system, the 
eg[l!rator is the reference circle and the First "point of Aries the 
origin. 

The Right Ascension, briefly written R. A., of a celestial body 
is the arc measured eastward on the equator, from the First point 
of Aries to the foot ot the secondary through the celestial body 
drawn to the equator. 

Unless the horizon is indicated on the celestial sphere, the 
east point and the eastward direction would be meaningless. In 
the definition above, however, by the eastward direction we mean 
the direction in which the sun moves ofi the celestial sphere, relative 
to stars. The movement of the sun pn the celestial sphere, rela- 
tive to stars, is eastward to any observer on the earth. This is 
why we use the word 'eastward' in our definition. 

cThe range of measures of R.A. is therefore from o“ to 360“. 
Usually R.A. is measured in hours instead of degrees, the equi- 
valent of one hour being 15°. This is due to the fact that the 
R.A. is determined by observing the interval of time between the 
passages of the First point of Aries and the celestial body over the 
meridian (sec. 5.1). 

‘The Declination f briefly written Decl., of a celestial body is 
its distance from the equator measured along the secondary drawn 
throi^h the body. 

The range of measure of Decl., is from 0® to 90^* positive if 
the body be situated in the northern hemisphere and negative if 
in the southern hemi- p 

sphere. Instead of Decl., 
its complement called the 
North Polar distance is 
used when convenient. 

In Fig. 2.3b, Sj, Sa, S3 
represent stars; PSiM,,* 

P'SjMa, P S3M3 are secon- 
daries to the equator 
drawn through them. The 
R.A. of Si is measured by 
the arc yMj or rather its 
equivalent in hours. The 
R.A. of S3 is not ^e shor- 
ter arc y M3 but the lon- 
ger arc yMi M3, the 
measurement is to be al- 
v92Lys towards the east 
beginning from y. 

Fig. 2.3b 
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Deci., of the star is the arc S,Mj and not the supplementary 
arc. Dec!., of Sj is SaM, and negative. Suppose S2Ma=3o*; the 
Decl., of Sg should be given as - 30* or^o® south. 

The Greek letters ^ and d stre generally used to indicate 
R.A. and Decl. 

It has been said that the equator is fixed among stars 
Though this is substantially true over short periods, the equator 
really has a very slow motion of ils own (sec. 14.4). The ecliptic 
however has been found to be the most permanent great circle 
among stars; and we have a third system of co-ordinates with the 
ecliptic as the reference circle: 

Celestial latitude and longitude: Celestial latitude of a 
body is its distance from the ecliptic measured along the secondary 
drawn through it, to the ecliptic. 

The range of measures oc celestial latitude is from o® to 90® . 
north or south*. 1 

Celestial lon^tude of a body is the arc measured eastward 
along the ecliptic from the First point of Aries to the foot of^the 
secondary, drawn through the body! 

• 

In Fig. 2.3b, the celestial latitude of the star S, is the arc 

and the celestial longitude is the arc y L,, where K SjL i 
is the secondary to the ecliptic drawn through Sj. 

Sometimes it is convenient to define the jKDsition of a celestial 
body by co-ordinates, one of which is affected by diurnal motion 
but the other is not. Such a system is the following: 

^4) Declin^ion and Hour angle: Declination has already 
been defined, .^he Hour angle of a celestial body is the angle 
between the meridian and the secondary to the equator drawn 
through it. It is reckoned from 0“ to 360*^ from the meridian 
towards the wesii It will be noted that the hour angle gives the 
time which has elapsed since the secondary was last coincident 
with the meridian i.e., the body was last on the nieridian. Like 
the R.A., the hour angle is also usually measured directly in time. 

Definition: The secondary to the equator drawn through a 
body is often called its Hour circle. Since the declination is also 
measured on it, it is also called the Declination circle. 

In Fig. 2.3a, the declination of the star S4 is of course S4M4. 
The hour angle is the equivalent in time of the arc QM4 on the 
equator. , 

2.4. The following theorem is of importance when the 
meridian altitude is required but the meridian is not prev'ou^ 
determined, as^ for example, in observation of meridian altitum 
at sea. 
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star is greatest when it is on the 


Let Z be the zenith and P 
the celestial pole, and S and S' 
be two positions of a star, on 
and out of the meridian. Consi- 
der the spherical triangle PZS'. 
PZ+ZS'> PS' > PZ+ZS, 
since PS = PS'. ZS' > ZS. 
Hence the complement of ZS' 
<the complement of ZS i.e,, al- 
titude of S > altitude of S'. The 
meridian altitude is therefore the 
greatest. 


Examples Worked Out 


I. Find when the sun's R.A. will be 120®, assuming it to 
change uniformly. * 


The sun's R.A. is o® on March 21. 


His RtA. will be 120® after (120®/ 360“) of 365^ days i.e.. 
122 days approximately. Counting the days of the months after 
the 2ist. March we have March 10; April 30; May 31; June 30; 
the total is loi days. Therefore the date required is the 21st July. 

•'2. If the R.A. of a star is equal to its latitude, prove that 
its declination must be equal to its longitude. 



Let a be the star and y the first point 
of Aries. Draw secondaries a M and a N, 
through the star, to the equator and the 
ecliptic respectively. Join y<y. Consider the 
two spherical triangles ya M and ya N. 
ya is common; <yN=yM. Therefore the right 
angled triangles are congruent. Hence 


Fig. 2.4b yN=<yM. 


3. Show that the angle between the declination circle and 
horizon is least when the declination circle passes through the 
east point. 

The declination circle being a secondary to the equator, the 
locus of one of its poles (Q, say) is the equator itself. The zenith 
Z is again a pol» of the horizon. Hence ZQ is the angle between 
the declination circle and horizon. Obviously ZQ is least when 
Q is on the meridian as shown in Fig. 2.4a. But the declination 
circll; having its pole Q oh the meridian passes through E; i,e., 
the angle between the declination circle and horizon is least when 
the declination circle passes through the east point. 
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4 A star is on the meridian 15'’ above the pole atwOOidnight 
to-night. Where will it be at midnight (i) six months hence; (ii) 
a year hence, supposing the sun’s apparent motion in the ecliptic 
to be uniform? 

On the day of observation the hour angle of the star is less 
than that of the sun by 180®, Now we know that the hour angle 
of a star increases by 360® over that of the sun in course of a 
year. Hence in 6 months the difference of their hour angle will 
be zero. So the star will be in its lower transit at midnight t.e . 
it will be 15® below the pole at midnight six months hence In 
one year the difference of their hour angle will again be 180®. 
So the star will be again 15® above the pole at midnight a 
year hence. 


Exercise 2 

1 flow call a planet he distiiiginshccl liom 1 stai’* (C I i<H 4 ) 

3 DeNCtilx: the a[)paicnt <lail\ tiiotion of stats ^ 

^ Define /(iiilh, Nadii, Ctlcsiial Pole Hon/on, Icliplu, Prime 
scitical, Houi anglCj, Horn ciult, Noilh polai distance, the 
/odiai 

4 Define the thice systems of cu ouliiiates (1) Altitude and 
A/iniiiih (2) K \ and Dccl (\) latitude and longitude 

(j I he pole ol a gicat ciiclc is gi\en b) RA =190", Dcd — 
j 8®. I iiid tliL RA of Us points of iniciseciion with the 
cquatoi 

6 Give the R A and Dccl , and latitude and longitude, of the 
sun on the 21st Match, the 21 si )uiie, the 2^1 d September, 
and the 21st Dcceinbei. 

7 Show that a siai’s altitude is the least angle between the star 
and any point on the hoii/on 

8 Ihc R A of an cquatoi lal stai is (in'* hind the time when it 
uses on the 21st ^falch ^Vhcn docs it cross the niciidian on 
Ihc same datc^ 

q Ihc R A of a stai is 270 , when docs it cioss the inciidian on 
Ihc i8tli [uiic and Ihc 24lh June? (Assume that the rate of 
itK tease of R A of ihc sun during ihe period- the avciage late 
ovci a yeai) 

in The sun crosses the nieiidian of an obscisci on a particular 
da> at a distance of 75'’ fiom the pole and 30* from the zenith. 
What will Ik Ihc mciidian zenith distance of a star diametri- 
cally opposite the sun on the dav? ^ 

11. If the longitude of a star be equal to its declination, piove 
that its latitude is equal to its right ascension. (C.U. 1909). 



j. THE EARTH: ITS FIGURE AND ROTATION 

3. I. It will be seen in subsequent chapters that the -shape, 
size and motion of the earth have important bearing on the study 
of Astronomy, because we have to make all observation from 
the surface of the earth. We therefore first discuss these problems. 

It is obvious that the earth's surface is neither plane nor 
concave. For, in either case wc could have seen through a telescope 
a fairly distant object on the surface of the earth; for example, 
we could have seen a distant light-house or a distant island out 
at sea from the sea shore. As the example in sec. 1.3 shows, the 
surface is really convex. Furthei;, that it is spherical appears 
from the following consideration. Jfrom our complete knowledge 
of the motion of the sun, it is possible to tell his direction at any 
time. At a lunar eclipse he is foufcd to be exactly opposite the 
moon; and the observed shadow on the moon must be of the 
ea^. Since it is circular evciy time, we conclude that the earth 
is ^herical. 

Beyond such general consideration, accurate investigation of 
both the shape and the size of the earth can be carried out in the 
following way. 

• 

3. 2. Let A and B be two point!> on the earth’s surface, 
several miles apart, and 
B due north or A (Fig. 

3.2a). The celestial meri- 
dian at the two points 
will be the same. Let 
AH and BK be the tan- 
gents to the arc AB of 
the earth’s surface at A 
and B. Let AS and BS' 
be the direction of the 
same star when on the 
meridian. As the star 
is infinitely distant, AS 
is parallel to BS'. Draw 
normals to the earth’s 
surface at A and B to 
meet at O. Produce AH 
to meet BS' at G and BK ^‘8- 3-2a 

at H. From the triangle BGH. Z GHB= ZGBK- Z HGB = 
Z GBK — Z » SAH, since AS is parallel to BS' and AG meets them; 
Z GHB=: ^ - 9 , where ^ and 9 are the meridian altitudes of 
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ttio star at B and A respectively. From the quadrilateral OAHB, 
bince the angles at A and B are right angles, / AOB= ^ 
Assuming that the arc AB is sufficiently ^all compared with the 
whole circumference, AO=BOs=the raffius of curvature of the arc 
AB, (T , say. Hence <y ( ^ — 6 ) = arc AB, ^ being in radi- 
ans. 

Therefore, a (3.2) 

Now e and ^ can be observed and the arc AB accurately measured 
by the method of Triangulation. Hence a follows from equation 
(3.2). It is found that a has approximately the same value at 
different points of not only the same but also different meridians. 
The earth is therefore nearly spherical. The equatorial radius 
has been estimated to be roughly 4000 miles; the polar radius 
is a few miles smaller. (See Appendix B for more accurate values 
of the radii). 


Triangulatwn: Direct measurement of a long distance is not 
possible with any high accuracy; for 
there may be irregular country 
between the extremities and the errors 
of the measuring implement will be 
multiplied as many times as it is used. 

In triangulation, a short horizontal 
length AC is measured with every 
possible care (Fig. 3.2b). Suppose 
we want the distance AB along the 
meridian of A. Let G be a point in 
the same latitude as B. Join A and 
(i by a series of triangles ACD, CDE, 

DEF and EFG. All the angles of 
the tiiangles are carefully measured. 

They therefore can be solved succes- 
sively and the lengths AD, DF and 
*FG are obtained. The length AB can then be calculated as the 
siun of the projections of AD, DF and FG. 

3. 3. Next let us consider the question of motion of the 
earth. The very fact that such a large number of celestial bodies 
a.s stars, possess one common motion will incline us to believe 
that the motion is only relative and that the earth is rotating 
in the opposite direction i.s., from west to east. This conjecture 
is strengthened by d3aiamical consideration. Enomous force 
r X mass, where o) is the angular velocity and r is the radius 
of the orbit) is rcquiied to keep a star in such^ a huge circular 
path with its fairly large angular velocity. It is unbelievable that 
the earth can exert euch a huge force at such an enormous dia^ 
tance. • 

Besides conjecture, the following experiments provide evi- 
dencl of the earth's rotation. 


B 

— 



A 


Fig. 

3.2b 
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Newton (English Mathematician : 1642-1727) proposed the 
following experiment to find out if the earth rotates. 

, Suppose AB is a vertical tower at a point A on the terrest^al 
equator and O is the earth's centre; OAB is then a straight line 

(Fig. 3.3a). If the earth rotates about 
an axis perpendicular to the plane of 
the paper through O, in the direction 
of the ariowhead in the figure, B the 
top of the tower will have a larger velo- 
city V and A the bottom a smaller velo- 
city V. Foi, during a complete rotation 
of the eaith, B describes a larger circle 
and A a smaller, in the same time. 
Hence if a heavy ball be dropped from 
B, it shoyd reach the bottom a little 
ahead i.e.\ a little to the east of A. The 
deviation '^f a particle dropped from a 
tower of any height, situated at any lati- 
tude, can be mathematically worked out 
on Lhe hypothesis of the earth's rotation. Experiments have been 
performed but are not quite convincing, on account of the small- 
ness of the deviation to be expected which might as well be due 
to minor accidental causes. 

Ah entirely convincing proof is provided by the elegant 
Pentium experiment of Fou- 
cadlt (French Physicist: 1819- 
68 ). 

The underlying principle of 
the experiment is easily under- 
stood. In Fig. 3.3b, the sphere 
with centre O, represents the 
earth. Assuming that it rotates 
about the axis POP' in the di- 
rection shown by the arrow- 
head, the meridian P' EAP will, 
in an interval, move to the posi- 
tion P'E'AT. The tangents to 
the meridian P'EAP: — (i) NS 
at E on the terrestrial equator, 

(2) ns at A at an intermediate 
latitude and (3) ab at P the 
north pole mpve to the positions 
N' S', n' s', and a' b' respective- 
ly. Now NS andN'S' are both 
parallel to the diameter P'OP and are therefore parallel to one 
another: i.e., the direction of the north and south line at E does 
not chwge on account of the rotation, sn and s' n' produced meet 
the axis POP' at the same poiqt p; for OA==OA' and ^A 0 P= 
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Z A' OP being complements of the same latitude. Hence th^ hy- 
potenuses must be of the same length Op. It follows that ns 
changes direction with the rotation of the #arth. That ab changes 
dfrection with the rotation is at once obvious. ^ 

Suppose now that freely suspended pendulums are set swing- 
ing in the vertical planes through NS, ns and ab at E,A, and 
P respectively. The motion of the earth carries the pendulums 
forward but cannot cause their planes to rotate about the verti- 
cals through their points of suspension. The lines ns and ab will 
therefore gradually separate from the planes of the lespective 
pendulums; but the line NS will not. 

The experiment was first performed by Foucault himself in 
the Pantheon in Paris. The bob of the pendulum was suspended 
by a fine wire more than 200 ft. long. The pendulum therefore 
moved very slowly and enc9untered very little resistance of air 
and so continued to swing fpr a long time. The pendulum was 
started in a true plane by burning off a thread which held the bob 
aside. A ridge of sand waS placed round the pendulum on the 
floor; and a pointer on the bob made marks on it at every swing. 
The successive marks did not coincide, showing that the plane of 
the pendulum deviated from the line in which it was origAally 
set swinging. It was thujg demonstrated that the earth rotates 
about its axis. 

The rate of deviation of the plane of a pendulunn at any lati- 
tude can be calculated. 

* • 

Let the latitude of the place A— Z EOA= ^ and let'ew— 
the rate of rotation of the earth. Angular rotation being a 
vector quantity may be represented by a straight line normal to 
the plane of rotation, the sense of the straight line being related to- 
the direction of rotation by the right hand screw rule. Accordingly, 
(o n\jLy be represented by a length along OP, the direction of 
rotafi^ being as shown by the arrow-head in the figure, co can be 
resolved by the parallelogram law, its component along OA= 
(ocos POA sin ^ , The perpendicular component does not cause 
any relative motion of the plane of the pendulum, just as oi itself 
does not cause any at E. The effect of the component along OA 
is to make the line ns rotate, the north end towards the west, 
with the angular velocity co sin b. 

Hence the plane of the pendulum will appear to rotate in the 
opposite direction with the same angular velocity co ^ ^ . The 

• « 2 ^ 
period of a complete rotation is therefore — cosec <p = (23 hr. 

56 min. 4 sec) cosec 

Ocean currents and trade winds undergo westward deviation 
when directed towards die equator, and eastward deviation when 
directed away from 4he equator. These facts are in agteement with 
the theory d rotation of the earth about an axis. ** 

^ Rotation of the earth completely explains the apparent daily 
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motion of stars and for the present we consider them to have no 
residual motion to be further explained. 


Examples Worked Out 

1. Taking the earth to be a sphere find the distance passed 
over by an observer from A to B on the 
same meridian if the zenith distance of a 
star changes by lo® at the end of the 
journey. 

Let O be the centre of the earth 
The / AOB=io®. Now io° = n 
radians = the arc AB/4000, where arc AB 
IS in miles. .*. Arc AB = (4000«)-^-i85s: 
698.4 miles, Approximately. 

2. Supposing the ea^rth to rotate with 
the same angular velocity as at present, 
but in the opposite direction, what would 
be the length of a civil day and the num- 
ber of civil days in a year? (C.U. '41). 
As the earth is supposed to rotate with 
the same angulai velocity as at present, the number of 
revolutions ^f a star with respect to an observer will be 366^ in 
course of a year. Again the number of revolutions of the sun 
witlt, respect to stars is i in course of a year. But the sun moves 
in the same direction relative to stars in this case. Therefore the 
number of revolutions of the sun with respect to the observer will 
be 366^ + 1 = 367^ in course of a year. In other words, the number 
of civil days in a year = 367j. But the length of a year is equal 
to 365 J X 24 mean solar hours. Therefore the length of the civil 
day of our problem is equal to (365J/367J) x 24 mean solar 
hours = 23 hr. 52 min. approximately. 

3. Two ports are at the same latitude but their longitudes 
differ by 180®. Prove that the distance between them measured 
along the parallel of latitude differs from that measured along the 
great circle joining them by a (n cos + 2 ^ ) where 

is the latitude of the ports and a is the radius of the earth 
For what latitude the difference will be maximum? 

Since the longitudes of the ports differ by 180®, the great 
circle joining them will pass through the poles of the equator. 

Distance measured along the parallel of latitude = n a' where 
a' is the radius of th^ parallel of latitude = na cos 97 

Distance measured along the great circle joining the ports 

— 2 ^-^ - 

Distance along the parallel of latitude - Distance along'the^nMtt 
olrclte CM 


(Siar) 

X4 
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For maximum ^ [aOf cos <p - «+ 2 ?')] —0 
d<p 

. ® 2 

t.e. -a sin?>. « f2/i“0. i,e sin ?»“-• 

2 

Hence the difference will be maximum when v— sin* - 


4- A person starling at sun-rise to travel round the earth’s 
equator hnds the sun to cross his meridian t times and completes 
his journey at sun-set Prove that the speed of the traveller ■= 


nr 

I2t - 18 “ 


12t— g of distance per hour according as he 


travels east or west, where r is the radius of the earth. 


Let c/)| and f02 be the singular velocities of the traveller and 
the sun about the centre of \he »earth. Consider the case when 
the man travels eastward. Angular velocity of the sun relative 
to the man = Now during the whole journey the angle 


described by the sun relative to the traveller 




n 

2 


< 1 , 

(the angle described by the sun from morning to next noon =• „ 

» 

As there are (t-l) other transits the angle described by the sun 
on that count = (t-l) 2 n. Besides the angle described from, the 

last noon to sun-set “ 2 ) 


. . the time taken 


2 « + 2 


(t- 1 ) 2 w+ t 


Rut this is the time in which the man completes a revolution on 

• 2 ^ 
the suiface of the earth Hence the time is also — ~ . Equating 

fO, 

the two we have 


/. the required speed ^ distance /hour 

— ■ ■ vx units of distance/ hour. 

J2t“18 

The other case may similarly be worked out and is left as an 
exercise. 
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Exenrise 3 

1. (;ivc a prcx)l of ihe earth's rotation. 

2. >iow should a rSmparatively long distance over a rough country 

be measured? » 

How is a degree of meridian measured? Assuming the length 
ol a degree to be 69^ miles, find the earth’s radius in miles. 

4. At a place due north of another, the elevation of the same 
star, when on the same meridian, is i** 30' greater. What is the 
distance lictwcen ihein? (Consider the earth to be a sphere of 
liidius jooo miles.) 

5. A ball is dropped Ironi a tower loo ft. high and .situated on the 
ccpiator. Calculate how far away from the lx>ttom of the tower 
the ball will touch the ground. (Take g-=3« ft. /sec® the radius 
of the cat th- 4000 miles). 

G. A Foucault’s pendulutn is .set'll brating at a place. After one 
sideral day /.c., 23 hr. ^6 m!n. 4 sec., it is vibrating in the 
same plane for the second timc«, Find the latitude of the place. 

7. ' A, B, C arc three vertical posts of equal height fixed two miles 

apart along a straight line in a canal. Find how much below 
B will AC pass. ('Fake the radius of the earth to be 4cxx) miles). 

8. How far should a man travel northward from the equator in 
Older that the altitude of the pole might become lo”? Assume 
the radius ol the earth to the 4(xx) miles. (C.U. 1940). 

9. If h person travelling ca.stward go round the woild, he will at 
the end of his journey appear to have gained a day. On the 
other hand, if he tiavel westward, he will appear to lose a day. 
Explain. (C.U. ’26, ’28, '33, *36, ’42). 

to. 'i'hc height of a lightdiouse above the sea level is known to 
be b. Show that its distance from a ship when its top is just 
visible to an observer on the ship at a height a above the sea 

level is r(|^ '^^^l ^^ ) neglecting ^ ^ and their higher 

r r r' r 


powers. 
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4. THE EARTH : DIURNAL PHENOMENA 

4. 1. Diurnal phenomenon at any place depends on the posi- 
tion of the celestial pole with respect to the horizon of the place. 
The portion is knpwn as follows: 

The altitude of the celestial pole at any plate 
equal to the latitude (terrestrial) of the place 

Let the circle EA (Fig. 4.1^ on the sphere, centre O, repre- 
sent a meridian of the earth, E, the point on the equator and 
A, the point of latitude sp on the meridian so that / 

The celestial pole, situated on the celestial sphere, is infinitely 
distant Hence its directions" OP and AP fiom O and A respec- 
tively, are parallel. But OP is perpendicular to OE / PAH is 
the altitude of the celesti- 
al pole, for the tangent 
AH at A is the horizon of 
the place. Now / PAH is 
the complement of / ZAP. 

Again, ^ EOA which 
measures the latitude of 
A is the complement of 
ZAOP. But Z AOP = 

Z ZAP, since OP is paral- 
lel to AP. Hence Z PAH 
— Z EOA= (p , and the 
theorem is proved. 

Two different repre- 
sentations of the celestial 
► sphere are given in Fig. 

4.2a and Fig. 4.2b. In 
the first, the horizon is 
stiown; and the position 

of the celestial pole (and , , , • ^ • 

therefore of tihe equator) is determined by the theorem just given. 
All celjsstial bodies in Fig. 4.2a are in diurnal motion from ^ to 
west in small circles round the celestial pole. On the other hand, 
stars occupy fixed positions in Fig. 4.2b. The diurnal Ijath of a 
celestial body can be constructed in this figure by imaginmg the 
body to be revolved round the edestial pole thus tracing out a 
small circle. The coi|esponding small circle in Fig. ^.2a can be 
easily located. The body rises or sets according as it is at one 
or the other point of inters&tion of the small circle with the 
horizdn. To explain the graieral diurnal phenomenon at any 
place, both the representations may be used side by side. 



Fig. 4-1 
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4. 2. It hdb already been btated (sec. 2.2) that the sun 
is at the First Point of^ries and the First Point of Libra on the 
2ist. March and the 23rd. September respectively. These two days 
are called the Eqmnoxes — the first, the Vernal equinox bec&use it 
marks the beginning of Spring; and the second, the Autumnal 
equinox because it marks the beginning of Autumn. 

The sun is 90“ from the First Point of Aries in the forward 
direction (in the direction in which the sun moves relative to stars) 
on the 2ist. June and 90* forward from the First Point of Libra 
on the 2ist. December. These two days are called the solstices. 

Equinox means that the duration day is equal to the dura- 
tion of night. At both the vernal and the autumnal equinox, day 
and night are of equal duration aU over the earth — as will be 
presently explained. The word solstice literally means 'standing 
stiir. At solstices, the sun seems t^f have stopped in his march 
away from the equator. 

Definition: The secondary to tlte equator thfough the ^Isti- 
tial points is called the Solstitial colure) 

Definition: The secondary to the equator through the equi- 
nocital points is called the Equinoctial coluref 

Definition: The small circle parallel to the equator through 
the summer solstitial point is called the Tropic of cancer. 

Definition: The small circle parallel to the equator through 
the winter solstitial point is called the Tropic of Capricorn. 

The word Tropic means ‘turning point'. The sun turns back 
soufh from the small circle called the Tropic of Cancer. It is so 
called because the sun used to be at the fourth sign of the Zodiac 
namely Cancer, at the summer solstice. Similarly, the sun turns 
back north from the Tropic of Capricorn, which is so called because 
the sun used to be situated at the tenth sign of the Zodiac namely 
Capricorn, at the winter solstice. At present, the sun does not 
occupy a position in The constellations Cancer and Capricorn 
during the solstices. 

We explain below the phenomena of equinoxes and solstices. 
Let Fig. 4.2a be the celestial sphere of a particular place; the 
horizon is represented by a fixed great circle, and all celestial 
bodies are in diurnal motion on the sphere. Let Fig. 4.2b be 
another representation of the celestial sphere on which stars have 
fixed positions, and therefore the horizon of any place should be 
moving and is not represented at all. The sphere is thus^ inde- 
pendent of the position of the observer. In both the figures, P is 
the celestial pole, EQ the equator, LK the tropic of Cancer, L'K' 
the tropic of Capricorn, CD any parallel to the equator. Besides 
Z is the zenith add NES the horizon in Fig. 4.2a. 

At the equinoxes, the sun is at y or Q i.e., on the equator 
(Fig. ^.2b}. His diurnal path is obtained by rotating him round P, 
the path is therefore the equator itself. The equator and the 
horizon are both great circles, and bisect one^anotmr (Fig. 4.2a). 
So half the diurnal path is above and half below the Jiorizon 
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duration of day is equal to duration of night and this is so at 
any place of the earth. 




Fig. 4.2a 


Fig. 4.2b 


At the .summer solstice, the sun is at L (Fig. 4 2b) 90* in 
front of y. The tangent to the ecliptic at L is parallel to the 
equator. Hence for a few succc^ive days the sun keeps practi- 
cally the same distance from the equator. His diurnal path on these 
da}^ is practically the same small circle LK (Figs. 4.2a & b). So 
he seems to 'stand still* in his march north of the equator. 
is also the circle from which he turns back south. The circle is 
called the Tropic of Cancer and the day, a solstice. A similar ex- 
plantation holds with regard to the winter solstice and the Tropic 
of Capricorn. 

4. 3. Below we explain in detail the general diurnal pheno- 
menon in three representative places: (i) at the equator (terres- 
trial), (2) at an intermediate latitude and (3) at the north pole. 

(i) Fig. 4.3a represents 
Hhe celestial sphere at the ^ua- 
tor of the earth. The latitude 
of the place is zero and the ce- 
leStial pole i^ on the horizon 
and coincides with the north 
point, N.'The celestial equator 
IS perpendicular to the celestial 
horizon and passes through the 
zenith. The path of any star 
is a small circle such as AC 
round P and is bisected by 
the horizon. Hence all stois 
are visible, half the time 
above and half the time bdow 
the horizon. 



Fig. 4.3a 
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The diurnal path of the sun any day is similarly a small circle 
round P and is bisected by the horizon. So duration of day 
is equal to duration ofraight throughout the year. 

(2) Fig. 4.2a represents the celestial sphere at an interme- 
diate north latitude. The altitude of the pole P = PN^flie given 
l^itude. 

✓ The southern stars within the zone bounded by the small 
circle SS' round P through the south point S will have their diurnal 
paths completely below the horizon and will be never visible. On 
the other hand the northern stars within the zone bounded by the 
small circle NN' round P through north point N, will have 
their diurnal paths completely above the horizon and would be 
constantly visible except for the glare of the sun. Such stars are 
called Circumpolar stars. 

Stars in the belt bounded by NN' and SS' will have parts of 
their diurnal paths above and par^ below the horizon. These 
stars therefore rise and set. 

It has already been explained tnat at the equinoxes duration 
of day is equal to duration of night at all places and therefore 
at ^the place in question. From the 21st. March to the 23rd. 
September, the sun is north of the equator (Fig. 4.2b); his diurnal 
path on any day during the period is a small circle such as CD (Fig. 
4.2a) north of the equator EQ. More than half of such a circle 
is above the horizon; consequently duration of day is longer than 
duration of night. The reverse is the case when the sun is south 
of«the equator t.e,, during the period from the 23rd. September 
to the 2ist. March. 

If a small circle representing the diurnal path of the sun 
happens to be completely above the horizon, the sun will not set 
during 24 hours; the phenomenon is known as the Midnight sun 

(3) 4-3b represents 

the celestial sphere at the north 
pole. The latitude being 90°, 
the celestial pole P coincides 
with the zenith; the equator EQ 
coincides with the horizon. 

The path of^ny star is a 
small circle such as AB round 
P parallel to the horizon EQ. 
All stars are circumpolar. Half 
of them are always above the 
horizon and so always visible. 
Those below the horizon are 
never visible. 

From the 21st. March to the 
23rd. September the sun is 
north of the equator (Fig. 4.2b) and therefore continuously above 
the horizon (Fig. 4.3b). It is therefore day during the whole 


and occurs in high latitudes. 
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period of six months. Similarly, the sun remains continuously below 
the horizon and so it is night for the whole period from the 23rd. 
September to the 2ist. March. • 

/^Changes of seasons are principally due to variation of 
the amount of the sun's heat received at a place on the earth's sur- 
face. Consider a place in the northern hemisphere of the earth. 
Astronomically the year is divided at such a place into four seasons 
as follows: 

Spring: From the 21st. March to the 21st. June. 

Summer: From the 2ist. June to the 23rd. September. 

Autumn: From the 23rd. September to the 21st. December. 

Winter: From the 21st. December to the 21st. March. 

Let Fig. 4.2a represent t?ie celestial sphere of the place. Dur- 
ing ^e period. 21st. March Jp 23rd. September, the sun is north 
of the equator, northernmost at L on the 21st. June (Fig. 4.2b). 
His diurnal paths during this period are small circles like CD, all 
lying parallel to and north of the equator; the northernmost is^L. 
Obviously greater parts of these circles lie above and smaller parts 
below, the horizon. And’ the more northerly the circle is, the 
larger is the ratio of the portion above to the portion below. It 
follows that days are longer than nights, the day being the longest 
on the 2 1st. June. This is one cause of accumulation of heat at 
the place during the period. • 

Another and a very powerful cause of accumulation, is the fact 
that the sun reaches greater altitudes during the period, in com- 
parison with the remainder of the year. This will be obvious when 
we compare altitudes of points, say, on the small circle KL, with 
corresponding points {i.e,, points on the same secondary to the 
equator) on the small circle K'L' which is equally south of the 
equator.V 

Now, in Fig. 4.4, { XA, XC f and { ZA, ZB } represent 
• two beams of sun-rays of equal breadth, 
the first from the sun at zenith and 
the second from the sun at a smaller 
altitude. The same quantity of heat 
energy is spread over unequal areas, 
smaller (AB) in the first and larger ^ 

(AC) in the second case. Heat re- 
ceived per unit area is therefore 
greater in the first case. 

cCOwing to the combination of the 
two causes (i) longer days and (a) 
greater altitudes of«the sun, heat re- 
ceived during the period is greater. 

Moreover ni^t being shorter, loss of 
heat by radiation is smaller. The con- Fig. 4.4 
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tribution to the accumulation of heat, of the days in the middle 
of the period, is of course greater than that of the days either at 
the beginning or at the^nd of the period. But the total accumu- 
lation of heat as distinct from the contribution of indivi(^al days 
is the greatest during the latter half of the period i.e., from the 
2ist. June to the 23rd. September. So this period is called Sum- 
mer. 

For opposite reasons, the period from the 2ist. December 
to the 2 1st. March is the coldest and called Winter. Intermediate 
periods of moderate temperature preceding Summer and Winter 
are called Spring and Autumn respectively. 

Local and meteorological factors modify temperature in any 
season but the broad changes are directly governed by the sun. 

It shpuld be stated that in southern latitudes Winter corres- 
ponds in time to Summer of northern latitudes and vice versa, 
vx' 4- 5- *tTwilight is the period of '^partial light immediately be- 
fore sun-rise or immediately after sup-set. Duration of twilight is 
supposed to be limited by the appearance of stars of the sixth mag- 
nitude (which by the way are the faintest visible to the naked 
eye]Knear the zenith. It has been ascertained that they become 
visible when the sun is about 18'’ below the horizon^ We shall 
adopt this criterion for the calculation of duration of (wilight. 

LIhe phenomenon is due to the presence of •dust particles 
hanging in the atmosphere. When the sun is below the horizon, 
his^rays still illumine these particles in the upper regions of the 
atmosphere which in turn scatter light to the surface of the earth 
causing partial light.^ 

To calculate the duration of twilight at the equator at an 
equinox. S «-<i r- 45"^ 

Fig. 4.3a represents the celestial sphere at the equa^tor; the 
celestial pole P coincides with the north point N. The sun is situated 
on the equator (it being equinox) and his diurnal path for the 
day is the equator itself. On the celestial sphere of the place the 
equator coincides with the prime vertical, as can be seen from the 
figure. Consider twilight before sun-rise; it begins when the suh 
is at S, 18® below the horizon. 

Duration of twilight = the time taken by the sun to describe 
the arc ES {E is the east point) 

18 

""3^ X g 4 hr. = I hr. 12 mm. 

juration of twilight at any place and at any time can be cal- 
culated by solving spherical triangles. The actual calculation ia 
beyond our scope; but the principle is easily understood. 
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Let Fig. 4.5a represent the 2 

celestial spheie for the particular 
place. The arc PN which is the \\ 

altitude of the celestial pole is /\ j \ . 

known, being equal to the given / \ j \ w\ 

latitude of the place. Let it blev?, / \ 

Let SS' denote the diurnal L. \ f y\ I 
path of the sun on the given da3j. J / — / 

Let twilight begin when the sun is \ S\ ]/ j 

at S', so that the'arc ZS' is 108°. It \ / 

ends when the sun is at S on the 

horizon. Duration of twilight is 

proportional to the angle SPS'. _. 

Now the spherical triangles ZPS 4 - 5 ^ 

and ZPS' can be solved. I\)r, ZP=90°- 9, ZS= 90", ZS' = 
108°, PS s= PS' =90'- 5 , the polar distance of the sun on the 

particular dale. So all the :ndes of both the triangles are known; 
and angles ZPS and ZIPS' can be calculated. By taking their 
difference, the angle SPS' and hence the duration is obtained. 
It therefore follows that duration of twilight depends orifitwo 
quantities (i) the UUitttde^v of the plate, and (2) the declination 
d of the sun on the day! 

' i a 

To find the condition that twilight may last all night at a 
place. 

Let <p =:the latitude of the place and 6 =the declina^tion 
of the sun on the day. 


Let Fig. 4.5b represent the celestial sphere of the observer 
and as usual let Z, P, N, £, EQ 
represent the zenith, pole, 
north and east points, and the 
equator respectively. Let ADBC 
, represent the diurnal path of 
' the sun; arc NPs q> and arc 
AQs: h. The zenith distance 
<af the sun is greatest at his lower » 
transit i.e., when he is at A. ^ 

For take aw other point D on 
the path. ZD < Zp+PD i.e., 

< ZP+PA (for PA=PD=the 
north polar dis&nce of the sun) 
t.e., ^ZA, 

Hence twilight will last all . 

night if NA be equal to or less 4 * 5 ®* 

than 18*. Now FNr+NA+AQ*PQ*9o* i.e.. 
fl»+ (18* or less) + 4 = 90* i.e.. 

90",-* (18* or less) or ^ 72', which is the condition required. 
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Examples Worked Out 

^u^Find the lowest latitude at which it is possible to have 
a midnight sun. (C.U. *24, '45). 

Let Z, P, N be the zenith, the celestial pole, and th^ north 
point. Let S be the sun at his lower 
^ 2 lu transit. His distance fiom the zenith is 

greatest; and there will be a 
midnight sun if he is above the horizon 
/V,... m this position. 

* JM meridian. PN = altitude 

jT of the pole — the latitude of the place 

\ — l*or>PS i.e., 90**- < 5 * Therefore / is 

minimum when = 90“ -23 ** 28' =66’* 32'. 

^ 2. Find the highest latitude at 

Fig. 4.5c which it is possible to have the sun in the 

zenith (C.U. *24, '30, *44). 

Since the sun is at the zenith of®the place, with the notation 
of the previous example, we must have PS=ZP; or 90®- d = 
90"-/, where d and / (=-PN) are the declination of the sun and 
the mtitude of the place. /= d. Therefore the largest value 
of I is 23“ 28'. 

What is the hour angle of the sun at sun-rise on the 21st. 
MarcljL? (C.U. '40, '44, *46). 

The sun is on the equator on the date. His diurnal path is 
therefore the equator itself. He rises at the point of intersection 
of the equator and the horizon, i.e., at the east point. The east 
point being the pole of the meridian, it is easily seen that its hour 
angle = QQ'E (Fig. 4.50;; i.e,, hour angle of the sun at sun-rise 
is 270®. 

4. At a place of north latitude 45®, the Z.D. of a circumpolar 
star is 15° at upper transit. What is the star's declination? 

Let Z and P be the zenith and the pole; and L the star at its 
upper transit (Fig. 4.5c). The declination = 90° -PL = 90® - 
(PZ-ZL) = 90®- (45“-i5‘*); for ZL = i5“ and PZ = 90*-lat.= 
90® -45®=. 45 the decl. =60®. 


5. Find the inclination of the ecliptic to the horizon whefi 
the first point of Aries is rising on the eastern horizon of an ob- 
server of latitude 25® N. (C.U. IQ17). 

The first point of Aries being on the equator rises at the east 
point. The east point is the pole of the meridian, and lies on the 
horizon, the equator, and the ecliptic at the instant. Therefore 
the zenith Z, the celestial pole P, and the pole of the ecliptic K, 
all lie on the merfdian. Moreover it will be seen that the ecliptic 
lies between the equator and the horizon; so K lies between Z 
and The angle between the ecliptic and the horizon is the 
angle between their poles, i.g.,=ZK = ZP-KP= (90® -25®)- 
23® 28 ' = 41® 32'. 
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6. On the longest day at noon, a vertical rod casts a shadow 
equal to its length on the horizontal ground. Find the latitude 
of the place. ' 

Obviously, the meridian Z. D. of the sun is 45". Let Z, P and 
S' be the zenith, pole and the sun (Fig. 4.50). PZ + ZS'-t-decl. 
of the sun = 9o\ Or (go^-lat.) + 45“+ 2}" 28'=9o“. 
lat. = 45'’ 4-23* 28'=68’’ 28'. 


Exercise 4 

1 'I he mcikliaii /cnitli di<>tancc uf the Min is obsened to be 15*. 
on the 21st. |unc. What is the latitude of the place? What 
will be the meridian j/cnith distance of the sun on the 21st 
Mauh, at the place? 

2 AVhat aic the gicatcst and the least angle made by the ecliptic 
with the hoii/on at a place ol latitude io°- 

C.an twilight last all night at a place of laiitude (0 pi", (it) ho*’? 

4 Show that at^a place of latitude the inteival lietwcej;* the 

time that a stai is on the eastein piime \citiral and the time of 
Us setting IS exactly halt the pciiocl ot its complete icvolution. 

5 At a place ot lalitudi: ^5®, a stai uses at the noith-cast point. 
>Vhat will be its latitude when on the prime vertical? 

Ti I'lnd the lowest latitude at which it is possible for twilight to 
last all night. (C.U. scvcial limes, Andhia ’fo). ^ 

7 Find loiighly foi Iiow many days in the year the •^phenomenon 
of midnight sun can be witnessed in a place of latitude 75”N. 
(Nagpin ’40). 

8 (Jndci what conditions would the a/imuth oi a stai icnuin 
constant fiorn using to tiansit? (Agia '42) 

p. ^Vhat is the latitude of the place at which it is possible for the 
ecliptic to coincide with the piime vcitieal? 

10. I'hc dccl. of Sirius is 16® ux". Find its nu'iidian altitude 
at Stockholm and Cape of Good Hope if the latitudes of the 
places be 59® 20' N and 33® 56' 23" S respectively. (C.U. 1911). 

11. How iar is the sun iiom the zenith, at noon on March 21, at a 
place of latitude 59® N? (C.U. 1912). 

12. sShow that at a place on the arctic ciicle, the azimuth of the suit 
at lising is greater than the sun's longitude by 90® (C.U. 1912). 

13. What arc the R.A. and decl. of (i) the pole of the ecliptic, 
(ii) the suit when his longitude is 6*hr. (C.U. 1913,8c 1914). 

14. What is the meridian altitude of the sun at Calcutta during 
summer solstice? The latitude of Calcutta is 54' (C.U. 1921). 

15. Two stais culminate at the same time and the angular distance 

between them is 10*. If the declination of one, is double that 
of the other, *‘find the declinations. (C.U. 1932). ' 

16. ** Show how by solving a spherical triangle, the time of sun-rise 
» or sun-set can be calculated at any place on any day. (C.U. 1940). 
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17 If a ccilain star cioss the mciidian at 11 pm tonight, at what 

time will It cross the meridian (1) to moirow night, (11) 15 days 

hence, assuming Shat the change in the sun's R A is uniform^ 
(C U iq4s) 

18 Find the length of the day on June 21 at a place of latitude 
66- ^2' 

n) if ^i» <3 the shoitest lengths of shadows of equal vertical 

rods (Kistcd at three places on the same meridian, prove that 

the latitudes satisfy the cc|uation 

Ci(C2-C,)“ ^ CgCc ^-Ci) ^ ^ CsCci-Cg)” __ 

tan (9’s ■V’s) tan(9’a-fl’i) tan(?>i-?’ 2 ) 

20 Find the declination of a star if it passes through the /enith of 
an observer in the couisc of its diurnal motion (Annamalai 1938) 


5 ASTRONOMICAL INSTRUMENTS 


5. I. Within the limited scope of our study, we lequiie 
instruments for two main purposes: (i) accurate measurement of 
R A. and Dec!, of celestial belies, and (2) accurate measurement 
of the angular distance between two close points on the celestial 
sphere 

In order to measure R A , the position of the first point of 
Aries on the equator should be known, say, with reference to the 
meridian of the observatoiy. This can be achieved by means 0/ 
d clock, set at O hr. O min. O sec., when the first point of Aries 
IS on the meridian and regulated to show 24 hr , for a complete 
revolution of the point. Such a clock is called an Astronomical 
clock and the time shown by it, sidereal time. It should be remark- 
ed that 24 sidereal hours ^re equivalent to 23 hr. 56 min 4 sec 
of ordinary time called mean solar time. Since the first point of 
Aries describes 3k) ” on the equator in 24 sidereal hours, the 
sidereal time at any instant enables one to calculate the arc des- 
cribed by it westward from the meridian. 

Ltjt Fig. 4.5b represent the celestial sphere of the observa- 
tory. As usual let Z, P, EQ represent the zenith, the celestial pole 
and the equator respectively. Let u be a celestial object* in 
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transit and let the simultaneous position of the first point of Aries 
be in the western hemisphere at y. The arrowhead marks the 
eastern direction from y. Obviously, R.A. of a =arc yQ' and 
Decl. of a =arc(TQ'. 

The arc y Q' can be calculated from the time of transit of 
a by the Astronomical clock, on the basis that 360® is equivalent 
to 24 hours. But as stated in sec. 2.3, R.A. is usually measured 
in time directly, without conversion to arc. Hence the principle 
of measuring R.A. of a body is the following: 

R.A. of a celestial body is equal to the sidereal time of its 
transit. ... ... ... ... (S-ia). 

Decl. of <r=arc ZQ' — PN--Z. a 

since PN=ZQ', each being the complement of ZP, 

= 97 - 2, where q> and z are^the latitude of the observatory and the 
Z.D. of a respectively. ♦ .. ... 

The instruments required for the measurement of R.A. and 
Dccl. of a celestial body arc therefore : 

(1) A properly set astronomical clock, and 

(2) An instrument which will enable one to judge just yhen 
a celestial body is on the meridian. Moreover it should 
be equipped with graduated circles for recording the 
meridian zenith /distance of the body. 

Such an instrument is called a Transit instrument. If em- 
phasis is intended on the graduated circles, it is called a Transit 
circle or a Declination circle. • 

5. 2. ^ It is easy to regulate a clock to show the period of a 
complete revolution of y (or any star) as 24 hours; or rather to 
find out the late at which it is gaining or losing over 24 hours so 
defined. But as y is a geometrical point, not marked by any star, 
its transit cannot be directly observed and so the clock cannot be 
directly set to O hr. O min. O sec. We therefore proceed as follows: 

p Let y S.Sg be the equator, 

yS',S', the ecliptic, and S^, two 
positions of the sun at the instants of 
transit on two different dates (Fig. 
5.2a). Then PS'.S, and PS'jS^ are 
the positions of the meridian on the 
two different dates at transits. The 
interval between the times of transit 
shown by the astronomical clock 
(though not properly set) will give uf 
the^arc S,S2=d, sav. Let ySj=x: 
then y S2=x+d. Let oy be the obli- 
quity of the ecliptic and and 6^ 

Fig. 5.2a the declination of the sun at the two 

observations. ^d^and 6^ can be found independently dl the 
astronomical clock (See equation 5.1b). 

Nfiw from the right-angled spherical triangles ySjS*, and 
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ySaS'a* we can derive two equations involving the two unknown 
quantities (o and x; they therefore can be found. When x is 
known, the time which has elapsed since y was on the meridian, 
is known; and so the astronomical clock can be set. 

Flamsteed* s (FiDst As- 




m 


^ • tronomer Royal ; 1646- 

1719) method of setting 
the astronomical clock is 
as folows: 

Let M, O Mj be 
the equator and y 
be the ecliptic. Let a M 
be the secondary to the 
equator through the star 
^ ^ so that its R A. = y M 

hours, say The as- 
5 tronomical clock can be 

set when is found 

Let S,, S3 be two positions of tJie sun when his declinations 
S, JjT and S3 M3 are equal. Let yM, =-x hr ; then yM3 = i2-x 
hr , tor the two spherical triangles 7'SjM, and yS^M^ are identical 
and therefore y M, =- • 

Now the interval between the transits of Sj and a can be 
observed and so the equivalent of the arc in hours —Tj, say, 
can be found. Similarly let the equivalent of the arc MgM in hours 
“ We then have 

T, = yM - yM^= ac-x . (5-2a) 

T3= yM - yM,— ^ - (i2-x) ... . . (5-2b) 

Adding, Tj +T3=2ov - 12, whence 

x=-6+ (T, +TJ/2 ... . . (5.2c) 

It should be noted that when a lies between M, and Mj the 
equation (5.2b) will be (12 -x) - j(. The equation (52c) 

should then be accordingly modified. 

It is not likely that the declination of the sun at the second 
transit should be exactly equal to that at S,. In that case Tg can 
be obtained as follows: Let < 5 ^ and <5*21 denoted in the figure 
by S'2 M'g and S"^ M"2, be the declination of the sun at two suc- 
cessive transits, being a little greater and a little less than 83 Mj. 
Let the corresponding intervals between the transits of the sun 
and the star be t, and t^. Assuming that the change in declination 
of the sun is proportional tq the change in his R A during the 
short period of a solar day we get 


(5.2a) 

(5-2b) 


(5.2c) 

lies between M, and Mj the 
- x) - j(. The equation (5 2c) 


“ti-Ta 


(.S.ad) 


where 6 = S, M, = 83 Mj. 

Hence can be obtained and ^ follows from equation (5.2c). 

A small correction is needed in equation (5.2b) on account 
of the fact* that the first point of Aries moves backwards at a 
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small rate. The phenomenon is known as the Precession of Equi- 
noxes and will be discussed in detail in chapter 14. If the interval 
between the two observations (i,e., when* the sun is at Sj and.Sa) 
be expressed as a fraction of a year and p be the value of the pre- 
cession per year, the R.A. of the star at the second observation 
should be ot+op, instead of The modified value of ^ from 
the two equations then is given by 

^“6+^^ 2^^ hours. ... (5.2d) 

The advantage of Flamsteed’s method is that the actual values 
of the declinations at the two observations are not required, ex- 
cept for the small correction given by equatiou (5. 2d).* It is 
enough to observe that the declinations are equal. The actual 
values are difficult to obtain accurately from observed values on 
account of corrections invol^d. The first method however enables 
one to obtain the obliquity of the ecliptic as well as R.A. of the 
star, fiom the same set of observations. 

5. 3. The obliquity of the ecliptic however may be obtained 
directly as follows: About the time of summer solstice, n^sure 
the declination of the sun for a few successive days. At first the 
declination increases, then remains almost steady for a few days 
and afterwards decreases. , The maximum value attained is very 
nearly the obliquity required. » 

5. 4. We first describe briefly the construction and function 
of a telescope which is a constituent part of the transit instrument. 

*A telescope consists of a double convex lens fitted to the 
end of a straight metal lube. The lens is called the Object glass, 
because this end of the telescope is turned towards the object. 
For magnification of the image formed by the object glass an 
arrangement of smaller lenses is fitted to the other end and is 
called the eye-piece. There is a definite poin^ inside the dpuble 
convex lens such that any ray of light passing through it emerges 
unchanged in direction, while all other rays are bent towards the 
thicker portion of the lens. The position of the point can be 
worked out mathematically. It is called the Optical centre of 
the lens. Also there is a definite plane in which the im^tge of any 
distant object (t.e., an object from which rays of light entering 
the telescope are parallel) is formed. This plane is called the 
plane of the Principal focus. 

Eig. •5.4a is the sketch of a telescope; AB is the object glass; 

E, the eye-piece; O, 
the optical centre, 
and FF' the plane of 
the principal focus. 
A parallel beam 6 f 
rays from a flistant 
Fig. 5.4a object in the direc- 

tion FO converges to and forms an image at F in the principal 
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local plane FF'; and the particular ray OF of the beam goes 
through unchanged m direction. The precise direction of the 
object is therelore the^ line joining the image and the optical 
centre of the object glass. Any other device of determining the direc- 
tion of an object — say, a tube with cross-wires at the ends of •a stret- 
ched thread — will be inconvenient and inaccurate in comparison. 
The essential point of having a telescope as a part of the transit 
instrument is to determine the direction of a celestial body with 
accuracy. 

The iransU instrument consists ol a telescope TT rigidly at- 
tached to a perpendicular axis AA which ends in two equal 
cylindrical pivots. They rest on Y^haped supports YY built on 
two piers PP of solid masonry work, so that the axis is horizontal 
(Fig. 5.4bj. The pivot on its Y-shaped support, looked at longi- 
tudinally to the axis, is represented in the inset. The axis is 
thicker in the middle so that it may bear the weight of the telescope 
without bending. A great part ol th? weight of the instrument is 
balanced by lever arrangement LL; so the pivots press lightly on 
their supports, minimising the chance of unequal wearing out, 
whida would upset the axis from its horizontal position. 

Two graduated circles CC are rigidly attached to the teles- 
cope, one on each side, so that the axis AA is perpendicular to 
their planes and passes through their centres. On each side ol 
the telescope six fixed and equally spaced microscopes are provided 


T 




for reading the graduations of the circles. There is an additional 
fixed microscope bf low magnifying power, called the Pointer, to 
read off degrees and larger sub-divisions. Subdivision of a degree 
is carried out to intervals of 5' usually, finer graduation is both 
costly and liable to error. 

In the plane of the principal focus of the object glass of the 
telescope TT there is a framework, shown separately in Fig. 5'.4C, 
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on which an odd number — usually live — 
of vertical spider lines crossed centrally 
by two other horizontal ones are stretch- 
ed at equal intervals. The framework 
and the real image of the celestial ob- 
ject observed are seen together, magni- 
lied by the eye-piece. While. making 
observation, the path of the image of 
a star should lie midway between, and 
parallel to, the central lines. The frame- Fig, 5.4c 

work is capable of rotational and slight lateral displacements tor 
purposes of adjustment. 

Definition: The line joining the optical centra of the object 
glass with the middle point of the middle vertical spider line of 
the transit telescope is called^ils Line of collimation, 

5. 5. The transit instillment in perfect adjustment should 
be such that the line of collimation of the telescope is capable of 
being pointed anywhere on the meridian. The following conditions 
are clearly necessary to ensure this: 

(1) The line of collimation should be strictly perpendi^lar 
to the axis. If it is not, there is an error called Collimation error. 

(2) The axis .should be accurately horizontal. If it is not, 
there is an error called Lev€l error, 

(3) The horizontal axis should point due east and west. If 
it does not, there is an error called Deviation error. 



Adjustment for collimation error is usually done with 
the help of polh'mating telescope. In Fig. 5.5a, D, D1 are 
collimating telescopes (i.e., ^ordinary small telescopes with 
cross-wires W,W' at the focuses 
of their object glasses) one north rLS D 

and the other south of the Tran- LJ 

sit instrument, and facing each | 

other. The collimating telescopes ^ q ' I 

. are first adjusted so that the image 
of the cross-wire of one coincides 
with the cross-wire of the other when ' ' • . ^ 

Viewed through the second. The ^ 

adjustment can be carried out by 
uncovering apertures in the tube of 
the transit telescope. The lines join- 
ing the optical centre of the object TH 

glass to the cross- wire in each L J D' 

collimating telescope are therefore ^ 

parallel. Let QE be the line of Fig. 5.5a 

collimation of the transit telescope not accurately perpendicular to 
the axis XX'. Turn the telescope towards D, (E is the eye-piece and 
O, the object glass) and let the image of the cross-wire 
of D coincide with the middle point of the middle vertical 
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line of the telescope. OE is therefore parallel to the collimating 
lines of D and D'. (In the hgure all lines are shown coincident for 
simplicity). Now turn* the transit telescope south to D'; the new 
position of OE will be O'E' : The image ot the cross-wire W' will 
lie along EO and so will not be coincident with E' Ihd middle 
point of the middle vertical spider line. Adjustment is effected 
by shitting the frame-work cairying the spider line till the images 
ol both the cross- wiies are successively at the same distance from 
the centre of the frame-woik and on the same side, left or right. 

Collimation error having been 
previously corrcH:ted, adjustment for 
level error may be earned out as 
follows : 

EO the line of collimation of 
the jransit telescope is therefore 
peip^ndiculai to the axis XX', but 
suppose the axis is not horizon- 
tal. ^Tuin the telescope down- 
waid on a trough of mercury. 
EO being not veitical, the ray 
EO fiom the middle point of the 
middle vertical spider line will 
be reflected from the horizontal 
. surface of mercury along a dif- 

Eig. 5*5t> ferent lint O' E' and form an image 

at. a ditfcient point E' Adjustment is made by raising one end 
ot XX' until the image coincides with the middle ^point itself. 

The two adjustments having been carried out, the Deviation 



error i\ adjusted as follows: 

© The previous adjustments 

make the axis horizontal and 
the line of collimation perpen- 
dicular to the axis. When 
therefore the telescope is tutn- 
g ed about the axis, it6 line of 
collimation sweeps a vertical 
on the celestial sphere. Sup- 
pose the east end of the axis 
points a little north of the east. 
The vertical described by the 
^ lihe of colHmation is repre- 
sented by ZSjSa in the ad- 
joining figure (Fig. 5.5c). Let 
Si Sj be a small circle describ- 
Fi^. 5 - 5 ^ ed by a circumpolar star. The 

star can be viewed in the transit telescope at the two pointy Si 
andrS^j. The time of passage of the star from Si to S^ is shorter 
than the 'ime from S^ to S,. The adjustment is made by screwing 
the east ered of the axis southward, until the two intervals are equal. 
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Each adjustment is likely to upset the previous one slightly 
and so the process must be repeated. Even then perfect adjust- 
ment is impossible. Correction for residual errors however can be 
mathematically worked out and applied to the observed time of 
transit. 



Fig. 5 - 5 d Fig. 5.5e J6 

It may be noted that when collimation error alone is present 
the false meridian is a small circle parallel to the true meridian 
as represented in Fig. 5.5d.‘ When level error alone is present 
the east end of the axis being lower than Ihe west, the false meri- 
dian *is a great circle through the north and the south points and 
east of the true meridian as represented in Fig. 5.5e. When deviation 
error alone is piesent the cast end of the axis being a little to the 
north, the false meridian is a vertical as represented in Fig. 5.5c. 

5. 6. The graduated circles attached to the transit instru- 
ment are for the purpose of measuring meridian zenith distances. 
The smallest giaduations of the circle are at intervals of 5'. 
Degrees and multiples of 5' are directly read in the Pointer. Odd 
minutes and seconds are however read on fine scales placed in the 
focal planes of the fixed microscopes. These scales have five 
divisions to an interval of 5' on the 
graduated circle. 

The image of the rim of the 
graduated circle gg' is seen by the 
side of the fine scale ss'Jn the field 
of view of the microscope (Fig. ^ 

5.6a). There is a circular hole O in ^ 
the scale and a spider line xy, mov- 
able by a finely cut screw, stretches 
across it. The screw-head is divid- 
ed into 60 equal parts and a com- 
plete rotation brings the spider line 
from one to the next |[raduation of 
the fine scale ss'. One division of 



the "screw-head therefore corres- 


Fig. 5.6a 


\ TlXl - 1KX>K Ot AS1RONOMY 


<!« 

))onds to one hccond of aic. The scale is to be read at the position of 
the spider line thiough the centre of the hole O. In the figure 
the reading is a little •over 20'; the whole number of additional 
minutes is -one (from O to the dotted line). The fraction of a 
minute from the dotted line to the 20' mark, is to be read^on the 
screw-head. The spider line is first brought to coincidence with 
the dotted line and the number of divisions of the screw-head 
through which it has to be turned to move the spider line to the 
mark 20' is noted. Suppose it happens to be 35.2; then the angle 

The average of the readings 
of the twelve microscopes joined 
to the reading of the pointer is 
the required consolidated read- 
ing^of the graduated circles. 

^ The reason for reading the 
cir(;le at the opposite ends of a 
diameter is that the error caused 
by eccentric attachment of the 
circle can be eliminated in this 
way, as explained below. 

Suppose 0 is the centre of 
the graduated circle (Fig. 5.6b) 
but the circle is so attached that 
it turns about O'. Let e be the actual angle turned through by 
the* circle, the points A and B occupying the positions A' and B'. 
The leading at A will make out the angle to be Z AOA'= tp^; 
that at B, will make the angle to be Z BOB'= Join OA' 

and OB'. Then ZOA'O'«0 ^2 and ZO'B'O-^f'i 0 , 

Since these angles are equal, 6 -fP 2 ^T\ - B, 

or 

2 

Hence the average of the angles obtained from the leadings at the 
opposite ends gives the correct angle turned through by the circle. 

5. 7. A celestial body is on the meridian when its image is 
just on the middle vertical spider line. The time of its transit is 
the time of its passage over this line. The image however moves 
. rather rapidly in the field of view of the telescope and the chance 
is that an observer will be either too hasty or too tardy and seldom 
correct in noting the time of passage over the spider line. For 
this reason, the times of passages of the image over all tlie five 
lines are observed and the average is taken as the time of transit. 

Formerly the times of passages of the image over the lines 
were recorded by* what is known as the eye and the ear method. 
The observer first noted the hour and minute from the clock and 
began counting seconds by the ticks. While still counting, he 
lookea into the telescope and recorded the times of passages on a 
piece of paper without taking his eye away from the telescope. 
Only a skilled observer could do the work with a fair degree of 
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accuracy. At present a mechanical device called the chronograph 
IS employed for the purpose. 

A piece of paper 
is wrapped round a 
cylinder CC which is 
made to revolve uni- 
formly by a clock- 
w o r k arrangement 
(Fig. 5.7)., The cylin- 
dei has also a slow 
uniform lateral move- 
ment. A stylo pen S is 
attached to an iron 
lever, the tip resting 
against the cylinder, 
so that a continuous 
spiial line is marked 
on the paper as the pjg ^ 

cylinder lotates. The 

pendulum of a clock is provided with a metal brush at th<#lower 
extremity which dips into the mercury in a trough T when the 
pendulum comes to the vertical position. Immediately, an electric 
circuit from a battery R is completed through the mercury, pen- 
dulum and back to the battery. Fheie is an electro-magnet M in 
the circuit which is excited and draws the stylo pen aside. As 
the pendulum moves away, the circuit is broken and the ’stylo 
pen falls back to its original position, drawn by a spring R. Thus 
a dentation mark is left on the paper at each .'swing of the pendu- 
lum. The electro-magnet can also be excited, independently of 
the pendulum, by pressing a key K, as shown in the figure. 

Time by the clock corresponding to a particular dentation 
maik is written down on the paper at the start. The observer 
then has merely to press the key K at the passage of the image 
over each spider line. On unwrapping the paper, the times of 
passage over each spider line can be figured out. 

5. 8. The declination of a celestial object is given by the 
equation (5.1b). The meridian zenith distance z is one of the 
quantities involved in it; and obviously it is the difference of the 
readings of the graduated circle when the telescope is turned first 
to the object and then to the zenith. But the reading for the 
zenith must be obtained indirectly; for the zenith is a geometrical 
point and cannot be viewed in the telescope. Suppose the teles- 
cope is turned down on a mercury trough and adjusted till the ^ 
middle point of the middle vertical spider line coincides with its * 
own image. The line of collimation of the telescope then points to 
the Nadir. Takc^the reading of the graduated circle and subtract 
180° from it; the difference gives the reading for the zenitfl. 

• The other quantity involved in the equation (5.1b) is the lati- 
tude of the observatory; it is obtained as follows. Here however we 
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do not take into account certain corrections, explained in the 
next chai)ter, due to the fact that a ray of light undergoes refrac- 
tion in passing through the atmosphere of the earth. 

In Fig. 5.5c, let A and B be the positions of a circumpular 
star at the upper and the lower transit respectively. Let 
Zj- zenith distance of B - areZB -ZP + PB 
Zj- zenith distance of A — arc ZA -ZP -PA 
z, -hZ2- 2 ZP = 2 (90" PN); for PA-PB, each being the north 
polar distance of the same star. 

Now PN=the latitude of the place 7, say. 
z, i-Zj-2 (90° -(p), whence 

^-90" - ... . . ( 5 .«). 


5. 9. To nira- 
sure accurately the 
angle subtended at the 
eye by two I'losc stars, 
it is ncccwssaiy that (i) 
they should remain in 
the field of view of 
the telescope foi a 
considerable time and 
(2) the magnification 
should be fairly large. 
T h e s e requirements 
are provided in the in- 
strument called the 
5*9 Equatorial. 

The equatorial is a telescope TT (Fig. 5.9) with a large objec't 
glass and high magnifying power. It is attached to an axis XX, 
pointing towards the celestial pole in such a way that it can 
rotate in a plane containing the axis: the axis is called the Polar 
axis. Theie is a graduated circle D, called the declination circle, 
to measure the angle through which the telescope is turned from 
the polar axis. The whole instrument turns about the polar axis 
and there is a second graduated ciicle H, whose plane is perpendi- 
cular to the axis, in order to measure the angle turned through. 
This circle is called the Hour circle. 

The instrument can be kept rotating about the polar axis at 
any desired rate with the help of a clock-work arrangement; and 
it is possible to keep a celestial object fixed in the field of view. 

5. 10. The angular distance between two close objects is 
measured with a Micrometer, placed in the focal plane of the 
equatorial. The micrometer consists of two forks FF having a 
spider line stretched across the prongs of each. The forks are 
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movable, one sliding 
inside the other, by 
accurately turned 
screws SS (Fig. 
5.10a) A complete 
rotation of the screw 
brings the spider lint* 
fiom one graduation 
to the next of a fine 



scale CC placed in- 
side. The screw-head is divided into 100 equal paits so that the 
distance between the spidei lines can be read to two places of 
decimals in terms of the scale. The micrometer .can be lotated 
* in its plane so that CC may be made to lie along the line joining 
any two stars nndei obsei^^ation. Each spider line is made t(j 
pass thiongh the image of a* star; and the distance between them 
IS read on the scale and the screw-heads. 

The angulai value ol ea*h division of the seal** is found as 
follows Sepaiate the spidei lines by a knowm numbi i ot divisions 
oi the scale, sav n. Turn the equatoiial to a stai of dcLliiytion 
A and stoj'j the clock WYuk: the p 


image of the Mat moves acioss 
the field. Adjust the midometer 
so that the path is along the scale 
CC\ Let t be the time taken 
by the star to move from one 
spidei line to the other. 

Let BP/ (Fig. 5.10b) repie- 
sent the arc of a small circle des- 
ciibed by the star in t sidereal 
hours. The angle subtended by 
the an .it its centre 0' = I5^ 



degiees. The length of the cor- Fig. 5-i^F 

H'spoiiding aic AA' of the paialh*! gnat ciicle subtending an 
t’(pial angle al its centre O, is given by 
.irc AA ' ladiiis of the great circle i 


aic PH' radius of the small circle cos 


aic AA ' - arc RB' sec 

n sec in terms ot the scale ot the init lometor. 


Hut arc AA' — 15! degrees. Hence the equivalent of one division 
of the scale - 15I-7- (n sec ^ 5 ) degrees - 15! cos d /n degrees. 
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Example Worked Out 

Th(* graduated cirerto of a transit instrument is attached to 
the axis at a point distant c from the centre. If 2 r be the diameter 
of the circle, calculate the maximum error when the circle ijv read 
at one point onlj^^. 

Let O be the c(*ntre and O' the point of attachment of the 
nicle (Fig. 5 6b) Let OO'A be a radius. Let the circle be 
turned through .m angle 0 , so that A goes to A' If the angle 
is read at A, it will appear to be /AO'A'. while the actual angle 
turned through is AOA' c, the eiroi, is - Z OA'O'. From 
the triangle OA'O', 

Sine ^ Sin 
c ^ 

Oi. sin e 

by sin c 

Exercise 5 

I hxplwin i^latnstccd s iiuiIumI ot sciiiiii* the Xstiotiomical dock 
What aio its spuial advantages'' 

' 2 Dcsciibc flic Tiaiisil itistiiinicnt 

^ ( alrulaic the <1101 111 ilic time c»f hansit ol a slai on the 

ccjuatoi, i( iht level ciioi Ik a'' the latitude of the ohsciver 
being O®. Calculate the eiioi uhc’ii iht collimation crioi is 2" in 
the same case 

\ If I be the inteival betuccMi the passages of a stai on the 
c<|ijaioi ovei two consecutive spidci lines of a tiansif instru 
ineni, calculate the interval foi a siai of declination 60*' 
r, If the a/iniuth eiioi of a tiansit instiuineni he 2", hnd the 
ciior in the time of tiansit of a stai on the eqnatoi the 
latitude of the obseivci lieing 60' 


— c ^ Thcrcfoie the^niciximum value of c is given 
r 
c 
r 
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6,1. The earth is surrounded by air which is transparent, 
compressible and heavy. The density ol air in la\eiH concentric 
with the surface of the eartli decreases fi;radually with the height 
of the layer. For, the low’er a layer is, the more it is compressed, 
having to bear the w'eight of a larger mass of air above. 

Consider a ray of 
light BA coming 
from a star S (Fig. 

6.1 ). It gets bent 
tow^ards the normal 
in passing from a 
rarer medium above 
to a den‘^er medium 
below. It is there- 
fore bent more and 
more as it enters 
•lower and lower 
layers of atmosphere 
and finally reaches 
the observer on the 
surface of tho earth 
at 0 in tho direction 
B'O. OS' is the direc- 
tion in which the K,g. 

star is seen w’hile the 

true direction is OB, parallel to AS. The angle SOS' between 
the apparent and true directions is called Refraction, 

In the last chapter, elaborate arrangements have been des- 
.cribed to locate the true direction of a celestial body It will 
now be seen that they are futile unless the amount of Eefraction 
can be estimated. 

6.2. Consider a star not very far from the zenith* In Fig. 
6.1, let the outermost circle represent the extreme boundary at 
which the atmosphere produces any appreciable refraction. Let a 
ray of light from a star S meet this boundary at A and being bent 
gradually reach the observer at 0. Let C be the centre of the 
earth. For the purpose of estimating the amount of bending we 
are concerned only with the sector of the atn^o^phere of angle 
OCA, which should be small if the height of the boundary be 
small compared with the radius of the earth. 

An estimate of lihe height of the boundary can be made^from 
observations on meteors. A meteor bursts into light at *the 

4 
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point \\J)ere it iuslu‘s into atmosphere, oil iiccouiit of the heat 
generated liy friction df air. The height of this point can be 
ascertained thus ; 

Jjet two obscM‘\ers A and Ji, separated b} a known distance 
AB, note the direct ions ot the point M \\hero a meteor bursts 

into light. The side AB and 
the angles MAB and JVIBA of 
the triangle MAB aie there- 
fore known and so the height 
of M above the ground can 
•he found. Krom such obser- 
vations on meteors it has 
been ascertained that the 
height of ilie effective ai.niofi~ 

A ^"" ^ pliete does not exceed 150 

lnilc‘s at the most ^J’liis 
Fjg. 6 . 2.1 however is small compared 

, with the radius of the earth. 

It follows that the angle 0(^A of Fig 0.1 is small and the huers 
of atniospheie within the small sector OFA may he legaided as 
parallel planes. 

• (V)nsidVn' a ray of 
hglit ABODE (l^ig. 0.21)) 
cntl3nng, tluongh succes- 
sive plane lasers of any 
refracting media ol differ 
ont densiiie.s, into .the 
lowest in which Jet DE 
he its direction. (Joii- 
sicler a pai’alhd rn\ A'D' 
directly entering the 
lowest la>er in which let 

Fig. 6.2b 

D'E' he its direction. 
It is know'll experimen- 
tally that DE and D'E' 
c are parallel. We there - 
^ fore need consider only 
the lowest layer of air 
in calculating atmos- 
pheric refraction. 

In Fig. 6.2c, the 
parallel horizontal lines 
represent the boun- 
O daries of the lowest 

Fig. 6.2c la;vci8 of atmosphere. 

Let a ray of light SA from a star B be refracted on entering the 
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layer along AO and reach the observer 0. J-)ia\v the vertical hue 
OZ. The apparent zenith distance of the star is ^ZOA = z, say. 
Produce OA to S' and let O'AZ' be parallel to OZ. Befraction 
which is the angle betvv eeii the apparent and true directions of the 
star is equal to /SOS'; let it be denoted b> x. Obviously 
Z.SAS' = x, iiS'AZ' = z, 2 lOAO' = z. Hence the angle of inci- 
dence ot the ra^ /Z'AS is zh-x and the angle of refraction 
^ OAO' is z. ‘ 

•* where a is the refractive index Irom 

sin z ^ 

vacuum to the low^est layer of atmosphere. 

Or, sin z cos x + cos z sin x=fi sin z. 

Or, sin z4x cos z== pt sin z, to the first order of the 

email quantity x, which is measured in radians. 

/. x-(ia -1) tan z *... (0.2a) 

Since 206205"=^! radian, th8 refraction r in seconds of arc is 

given by r" = 200265" (/* -i) tan z = k" tan z • (6.2b) 

The formul.i, it should be remembered, has been derived on^he 

uiidei’standing that z is not very large. 

It will be seen fiom Pig G.2c, that a celestial object is raised 
towards the zenith on accOunt of retraction. The true zenith 
distance is therefore obtained by adding the amount of»refraction, 
given by equation (0.2b), to tlie apparent zenith distance. True 
altitude is got bj subtracting the correction from the observed 
altitude. It should also be noticed that the azimuth is not 
affected 1)\ refraclion; lor the displacement takes place along 
ihe vertical through the body. 

>»* 6.3, T'he constant k of equation (0.21)) is called the co- 
efficient of refraction. Its value is better (Icrived from astro- 
nomical observation rather than by laboratoiy determination of 


Lei Sj and Bo (Fig. 0.3) 
represent tlie true positions of 
a circumpolar star at upper and 
low'er transits. On account of 
refraction, the apparent posi- 
tions will be S'j and S'^ respec- 
tiveh. Let z^ and Zo be the ob- 
served zenith distances. Then, 
ZSj = Zj -i-k tan 
Or ZP-PSj=Zj 4 -k tan * 
ZB 2 ='z 2 -fk tan 
Or ZP-f PS 2 = Z 2 + k tan 

Now PS I = PSa- Therefore, 
adding — 



2ZP = 2(900--9? } = z. + Zj Fig. 6.3 

(tan z.-ftan Z2)..,(6.3a) 

where q) is the latitude of the place of observation. If qf be 
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known, k con be obtained from the equation above; for and 
z^.are known from obsAvation. If q> be also unknown, observa- 
tion on a second circumpolar star yields a similar equation: 

2(00^- y ) = z, + Z4 + k(tan /a-ftan/J, saj. (6.8b) 

Solving the two equations, w^e get 

k- .. .. (6.3c) 

tan /3-ftan Z4 — tan z, - tan z, 

A - ono (^1 -f- y-a) (tan z., 4- tan z J - (z^ -f z J (tan -f tan 

^ "■ 2(tan z, + tan z. - tan z. - tan Zg) 

... (6.3d) 

Equation (5.8) should be compared with the equation above to 
see how it is modified when correction for refraction is taken into 
account . 

In practice \\e need not depeii^l upon only two observations 
to get k and q> . A number of observations on a number of 
circumpolar stars may be pooled together by u method known as 
ihe^.nethod of Leant Squares to yield more leliable results 

The vidue of k is 58". 2 The equation (6.2b) gives a fairly 
accurate measure of refraction up to about 70^ of zenith distance. 
Change of .temperature and atmospheric pressure should further 
be taken into account to obtain greater lefinement. Kefraction 
lit ^greater zenith distances ma> be known from direct observa 
tion : the Z.D. of a star at any instant can be calculated and 
compared with the observed value. 

^ N. Bradley's (English Astronomer: 1692-1742) method of 
' obti^ining coefficient of refraction is to observe transits of the 
sun at summer and winter solstices, instead of that of a second 
circumpolar star. 

In Fig. 6.3, let A and B be the true positions of the sun 
in transit at summer and winter solstices respectively ; and A' 
and B' their apparent positions. Let and s' be the zenith dis-* 
tances for the positions A' and B'. Then 

ZA=s + k tan s, i.s., ZQ-AQ=rs-f*k tan s; 

^ Zfe = s'4k tan s', i.a., ZQ + BQ — s' + k tan s', where 
Q is the point where the equator meets the meridian. 

2ZQ = 8 + B' + k (tan s + tan s'); 

for AQ = BQ = the obliquity of the ecliptic. Now ZQs=tbe com- 
plement of ZP = PN = 9?, the latitude of the place. Hence 

2 9!>=i8<-8' + k (tan s-f-tan s') ... ... (6.3c) 

If be known, the equation at once gives k. Otherwise it has 
to be combined with an equation of type (6.da) for a circumpolar 
star) and both k and ip can be found. 

/ The advantage of Bradley's method is that the coefficient 
)of refraction can be found in low latitudes w^here the lower transit 
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' of St circumpolar star may not fall within the limits of our formula. 
The disadvantage is that observations are to be made at an 
interval of sU months when atmospheric conditions do not re> 
main identical. It will be obvious that it a catalogue of known 
stars be at hand, the problem in any latitude is quite simple. 

0 . 4 . Befractioii of a body on the horizon is about 30^ 
Since tbo angular diameter of the sun and the moon are also of 
this magnitude, they are reallv completely below the horizon 
when they appear just above it. 

Another eifect of refraction is that the discs of the sun and 
the moon appear elliptic when near the horizon. Even a small 
change of 30^ in Z.D. near the horizon causes a change oi about 
4 ' in refraction. The lower limb of the sun or the. moon is there- 
fore raised 4' more than the upper. The vertical diameter *i 3 
therefore considers^bly shortened; but the horizontal diameter 
remains unaffected. So the disf appears elliptic. 

A curious effect of refraction may occasionally be observed 
during a lunar eclipse : the sun and the moon may b^^ be just 
above the horizon while a lunar eclipse is on. \ 

6 . 5 . Cassinis formula for refraction: Cassini deriVlScl a 
formula for refraction on the hypothesis that the atmosphere is 
spherical but homogeneou^s ; the formula is found to give good 
results as far as 80^ of Z.D. . 

Let a ray of light 
ABO from a star enter 
the earth’s liomo 
geiicous atmosphere at 
B and on refraction 
proceed in a straight 
line to the observer O. 

Let C be the centre of 
the eartL Then CBZ' 
is normal to the sphe- 
rical surface of the 
atmosphere at B, and 
COZ is the direction of 
the zenith at 0. * Let 
AB be produced to t’ig. 6.5 

meet pZ at O'; also produce OB to B'. Then the apparent 
Z.D. *of the star is ^ZOB = z, say; the refraction is 
^OBO'-.x- 2 lABB'. Let ^CBO = z'. Then 
sin (z' + x)/sin z'=^t. Hence as before x=(/x -1) tan z'. 

To express z' in terms of z, we see from •the triangle OBC 

sin z' r 1 

that =• — r «5 where r~the earth’s radius and h 

sm z r-fh 1 -hn • 

h the height of the atmosphere, and n = h/r. It follows that 
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sin 7/ =- sin z/(l + n). 1’herefore, cos^// =- l-sin^z /(I -f n)“ 

= (cos2z-f 2n)/(l-f neglecting which is small. 

.-.tan 7 '=. Ki n 7/(1 + n) 

COS z V' (1 -f 2n sec^z) / (1 + n) 

— tan z(l-n sec^z) , 

/, x=(/i-l) tan z(l-n sec^z) which is Cassini’s formula. 
Tt is easily seen that it can bo put in the following form 
x = A tan z hB tan^z. 


Examples worked out 

1. Tf < and be the true and apparent altitudes of a body 
as affected by refraction, show that < = <' — k cot < \ wlieic k is 
the coefficient of refraction. 

The true Z.D.-=00O-< 

The apparent Z.D ~90O-x' 

.•.90O-< =0()O- <' + k tan (9(^3- <') :^90O- o(' + kcot=c' 

i.e. < = at'-k col 

fi. Prove that the polar distance of a star is unaffected by 
)’efrac<ion when its a/iinuth measu.red from tlie north point is 
the inaxiimnn. (Andhra ’42 Part TTT). 

Hint : , The polar distance will be unaffected when refraction 
cause's a change of position perpendicular to the polar distance 
i c.^when the vertical through the star touches its diurnal path. 
Therefore the aziTnuth from the north point is the maximum. 


Exercise 6 

1. How will yon determine the coefficient of refraction at a place of 
low latitude? How you determine it at large zenith distances? 

2. Calculate the angle subtended at the centre of the earth by the 
length of the tangent at .i point of the earth terminated by the boundaiy 
of effective atmosphere. (Take the radius of iho earth to be 4000 miles and 
the effectisc height of the atmosphere to bo 60 miles). 

3. Twilight is caused by suii’.s rays reaching the atmosphere and 
illumining the dust pai tides suspended in it. If twilight lasts till 
the sun is 18° below the horizon, estimate the height of the atmosphere. 
(Take the radius of the earth to be 4000 miles and cos 9° «= .98796). 

4. Tho meridian alliliides of a circumpolar star are observed to be 
30° and 60°. Find the latitude of the place, applying correction .for re- 
fraction. (Coefficient of refraction *= 58^.2). 

5. The apparent Z.D. of a star is given by 5 sinZz-f? sin z— 6«=0. 

Calculate the true Z.D., taking the loefficien't of refraction as 68". 2 
fC.U. 1920>. • 

6. Let Zy and z^, each leas than 50^, be the observed meri- 
dian tZ.D. of a circumpolar star at a place of latitude q>. 
Calculate the index of refraction of air at the earth’s surface. 



7 THE SUN • 


7 . 1 . Diurnal motion of stars having been completely ex- 
l)laincd by the lotation of the eaith about its axis, it remains to 
explain only the motions of ce)#*stial bodies relative to stars. The 
motion of the sun relative to st m*s has been) described in sec. 2 1 . 
It) is on a great ciiele called the ecliptic and the period of a 
complete revolution is a year. 

The angular diameter of the sun is found to vai\ .it different 
points of the ecdiptie This is undoubtedly due. to \aiialion ot 
his distanee from the earth. 

• 

Let S be the sun and () ihe obseT^ev (big 7 la). Diaw 
tangents to the emde, representing the sun, fioni the observer 0 
Let r be the distance of * 
the sun’s eentre fioni O, 

0 the angle between the 
tangents /.e. tlie .mgiilar 
diameter of the sun and 
d the linear diameter 
of the sun Since 0 is 
small, supposing it to be 

expressed in radians, ■P’lg 7 1i 



rO 


l:orr-iL., 


0, V \ nie^^ as 


as d IS constant 


TJie appaiont path oi llio sun on the celestial spheie is only 
a pio]eetion along the line of sight Its true shape is determined 






as fgllows : Let the direction of the sun on a particular day be 
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(Fig. 7.1b). Cut off the length ES^ inversely proportional 
tv> the observed angular ^iameter of the sun. Then represents 
the pobiti^m of the sun for the particular day. In the same way 
plot positions of the sun throughout the year. The path ^f the 
sun so traced out is found to be an ellipse of small eccentricity 
M’ith the earth -at one of the focuses. The sun is nearest the 
earth on the 31«?t. December; he is then at an end of the 
major axis of the ellipse, vvhicli is called the perigee', he is 
farthest when he is at the opposite end on the Ist July and 
this point of tlie path is called the apogee. 

The question however remains whether the sun actually 
moves in an ellipse with the earth at a focus, or the earth moves 
in an ellipse with the sun at a focus. For the appearance will be 
the same to an observer on the earth in either case. The two 
hypotheses are represented in l^igs. *7. lb and 7.1c respectively. 
The positions of the earth E^, Fig, Fig, in F'ig. 7.1c correspond to 
the positions of the sun S^, Sg, Bg, in F’ig. 7.11). Direction as 
well as distance of the sun seen from the earth are the same 
in b<|i|li the figures for any corresponding situation. If we re- 
gard the earth to be i evolving round the sun, the point of its 
orbit nearest the sun is called the perihelion and the point farthest 
the aphelion. 

The eccentricity of the elliptic path being quite small, we 
shall, generally take it to be circular for simplicity. 

7,2. Ptolemy (Alexandrian Astronomer : A.D. 140) supposed 
that the sun actually revolved round the earth and his hypothesis 
remained current for about fourteen centuries after him. Coper- 
nicus (Polish Astronomer ; 1473 — 1543) first put forward the hypo- 
thesis that the earth revolves in a circle round the sun. It was 
at first challenged on tlie ground that if the earth really moved 
round the sun, the enormous shift of the earth in six months, say 
from Ej to Eg in F'ig. 7.1c, would cause an appreciable change 
in the ilirection of any star; but no such change was then appre- 
ciable. Copernicus replied that this onl^ showed that distances 
of stars were enormous. Later discoveries piwed him to be 
correct 

Decisive facts in support of the Copernican hypothesis are the 
following : 

(1) Changes in the observed directions of a few stars in 
course of six months, such as would be expected from the shifting 
of the position of tjie earth — stellar parallax as it is called — have 
since been detected. 

(2) ^ After Copernican hypothesis had been put forward, there 
was persistent search for stellar parallaxes to secure evidence for 
its correctness. In course of such search, Bradley discovered 
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a different phenomenon, known us aberration of light, which ‘pro- 
vided a new' evidence of earth’s motion in an orbit. Aberration 
will be treated fully in a subbcqucnt chapter (chapter 14). Here 
w'e only mention that the velocity of light being know'n to he 
finite, the direction in which light from a star seems to reach an 
observer on the earth w'ill be one if the earth be at rest tind 
another if it be in motion. Should the earth move round the 
sun, the relative direction of light from a star too wdll go through 
a periodic change. Such periodic change was discovered by 
Bradley. It therefore provides an indirect proof of the earth’s 
revolution round the sun. 

(3) Evidence of the earth’s orbital motion has also been 
obiainod by the spectroscopic method. In the Spectrum of a 
star, there are usually dark lines, due to absorption of the star’s 
light by the outer atmospliere of the star. These lines have 
specified wave lengths depending on the elements existing in 
the atmosphere. Oon.sider .‘?uch a dark line in the spectrum of 
the star (Fig. 7.1c), in the plane of the earth’s orbit.. Suppos- 
ing the earth to bo moving in the direction of the arrowhead, 
at Eg the observer .should be moving towards the star. 0®ise- 
quently, tlie number of light waves received by him per second 
increases and according to ‘Doppler's principle the spectral lines 
of the star shift towards the violet end of the speptrum. Six 
months later the earth is at and moving away from the star. 
There should now be a shift of the same spectral lines towards 
the red end of the spectrum. Photograph of such spectra with 
a comparison spectrum actually reveals the shift and so demons- 
trates the earth’s motion. It should be mentioned further that 
it is possible to calculate the earth’s velocity from the amount 
of the shift. 

7.8. When the sun’s disc is observed in a telescope (with 
a dark eye-piece) or when the telescope is so arranged that a 
, real image of the disc is cast on a white card-board, dark spots 
of irregular shapes are seen on it, particularly in the central 
portions. The spots move from the east end of the disc to the 
west. They usually change in shape and sometimes altogether 
disappear; but it is generally possible to observe tlieir period of 
revolution. They take about 13i days to cross from one end 
of the^ disc to the other, remain out of view for an ^q\ial period 
•of time and reappear once again at the east end. 

An external object coursiiig round the sun will appear as a 
dark spot against his bright disc. But the fact that the dark spots 
observed on the sun’s disc are not caused by any external objects 
can bo seen in the following way. 

In Fig. 7.3a, let the inner circle, centre 8, represefit the 
sun and the outer circle ACBD, the path of any supposed body, 
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oxti-'in.iJ to l]n* The tangents to tlic from an observer 

on the (Ml til ai(‘ ahiujst iiarallel and aic indicated in the figure. 



Tlio body will he sccmi .igainst the disc of the sun as a dark spot 
uliile it dcscrilx^s the cnnijiarativelV shorter arc A(’B. Whilt^ 
it descrjhes the I’emainder of the orbit BOA it will not be pro- 
jtfted as a daik spot; nor will it fic \isible on account of the 
1 'rightness of the sun or on account of its passage behind the sun 
Vuf^t would b(3 extremely unlikely that equal times should be 
taken to d(‘vcrjbe such widelv unequal poitions of the oibit. The 
^Dot-. theiefore cannot be due to bodies external to the sun* and 
must be objects on the surface of tlu' sun. Their motion across 
the disc ot \he sun must be due to the rotation of the sun about 
an }L\i< ; for theie could be no other simph^ explanation why th(»y 
mo^c in the ’-ame regular W'a\ . 

The obser\ed ]H*viod is about 27 da}^. This however is 
i»'J.iti\e; tor tiu* earth is aKo nioxing iouikI the sun in the autne 
diuf'iiuu. The tnu" peiiod of rotation of the sun is found as 
follow’s : 

Tn 17g. 7.31), the inner circle 
AjAj, centre S, represents the 
sun .md the outer circle 
oibit of the earth. Let A, "be a 
spot and E, a position of the 
(Mrth and let SA,E, he a straight 
line. Let move to Aj and Tl, 
to E, in course of a day. Let 
T~the observed ?.c., the relative 
period of motion of the spot in 
da}s. 

S-^the true period in da>s. 

Y = the number of days in a year. 
The average angle gained over the- 
iMith by the spot in a da\ 
and ^A^SAgrrrSSOO/S. Hence the 



4t 


;llso ^ E.SE^ =3600/7 



average daily gain is alsor:r_(360O/S)-(3G0O/Y). Therefore, 
(86()0 /S) - (8600/ Y) =- (mOO/T), 

or, ' (l/S)-(l/Y)=li.T ... (7.3) 

Since Y and T are known, S ia obtained; it is found to bo 25 da\s, 
nearly. 

It may be noted, in passing, that rotation of the sun about 
an axis being admitted, his shape must bo spherical since his 
disc always appears circular. 

Example worked out 

Describe diurnal y)henomena at different latitudes, if the axis 
of the earth were (i) perpendicular to, (ii) in the piano of, Ihe 
ecliptic. (Dac. U. *35, C.U. *34). 

Diurnal phenomena, asi regards stars, will obviously be as 
explained in SKC. 4 3, in both tly^ oases, those depending on the 
sun are explained below. ^ 

Case (i) ]3\ the condition of the problem, the ecliptic 

coincides with the equator. The diurnal path of the sun olwrays 
coincides with the e(|iiator llfuce, as explained in 3, 

duration of day will i)e fqual to duration of night all over the 
earth, and at all times: theic will be perptdiud equinox. At 
the poles, tbo sun will be continually on the horizon; there wu’ll 
he perpetual sun-iise. There will he no variation* of seasons, 
because tbo sun describe^ the same diurnal path, namely the 
equator, all through the Places of high latitudes wilf get 

cooler and cooler auil equatorial regions will got hotter and 
liotter w/th time. 

Case (ii). The ecliptic is a secondary to the equator in this 
ease. As explained in sec. 4.3, at the equator of the earth, davs 
and nights wdll la* equal in duration throughout the vear; at 
intermediate latitudes days will be longer during half the year 
and shorter during the other half ; at the poles theie will be day 
of six months* duralion ^and night of equal duration. Changes 
of seasons at intefincdiaie latitudes will generally be as explained 
in SEC. 4.4, but extremes of temperature will bo more accentuated. 
Midnight sun, and days and nights of more than 24 hr. will oecnr 
at all intermediate latitudes. At the poles temperatures wdll 
in general be higher than wdiat vre have actually; because 
during the period of perpetual day the sun will gi’adually attain 
the highest altitude 00^. 


Exercise 7 

Fiad ihe dijunetcr of the i>wn in irilos, gi\en that his^ angidcir 
diameter is 32' and hitk distance is 9ZOOOOOO miloa. 

2. How loiiK woiild it take to fly round the Ann at 2 niile^ a ftiinnte ? 
(Distance of the sun is 93(X)0000 miles and the angular diameter is 32'). 
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3*. The apparent diameter of the )?un when least is 31' 32'^ and 
when greatest 32' 36'^ C*alculate the eccentricity of the earth's orbit. 
<C. V. 1948). 

4. Find the velocity ^of the earth in its orbit, supposing the orbit 
to Tie circular and of radius 93000000 miles. 

5. Venus moves round the sun in the same direction as the ettrth in 
.62 years. What would be the apparent period of solar spots to an 
observer on Venus, if it be 27 days to an observer ‘on the earth ? 

6. ' The sun’s angular diameter is observed to bo 31' 32^ at midsummer 
and 32' 36^ at midwinter. Show that the sun is farther at midsummer 
than at midwinter in the proportion of 31 to 30 approximately. Why 
then is winter colder though the sun is nearer? (O.U. 1943). 


8. THE PLANETS 

8 . 1 . Motions of planets relative^to star.s have been described 
in a general way in sec. 2.1. The main features are: (1) at 
times a planet moves in the same direction among stars as the 
sun and the motion is then called Direct, (2) at times it moves 
in a direction opposite to that of the sun, when the motion 
is ctnied Retrograde and (B) at times it seems to have no motion 
relative to stars when the planet is said to be Stationary, ^The 
actual paths mapped out on the background of stars show curious 
patterns rejvesented in Fig. 8.1a. 





Fig. 8.1a 

Any theory of planetary motions, to be acceptable, should 
yield apparent motions of planets in agreement with observations 
described above. \ 

Among ancient theories, the most important is the Ptolemaic 
put forward in the second century after Christ. According to 
it, the spherical earth is fixed at the centre of the entire system. 
The sun and the moon revolve rejund it in circles. The planets 
Mercury and Venus move in circles called Epicycles, the centres 
of which move ij^ound the earth in circles called Deferents. 
The deferent of Mercury is inside that of Venus; and the 
defereiits of both are inside thS orbit of the sun (Fig. 8.1b). 
Moreover, the centres of the two epicycles of Mercury and 
Venus are always on the line joining the sun and the earth. 
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The motions of Mars, Jupiter and Saturn are similarly a 
combination of motions of the planets in their respective 
epicycles and the motions of the centres ?)f the epicycles in their 



respecti\e deferents. One additional point with legard to these 
planets is that the lines joining the planets to the centres of the 
epicycles are always parallel to the line j'oining the earth and 
the sun. 

Planets are thought to bo situated on crystalline spheres , 
stars on another which encloses all the rest. Diurnal moVj>n is 
supposed to be produced by the rotation of these spheres about 
the earth's axis. 

This theoi'y had been supreme for about fourteen centuiies 
until Copernicus proposed a new one. The modern theory of 
planetary motion is really the Copernican, with slight modihea 
tions. With progress of time the Ptolemaic theory had tb be 
modified by adding epicycles on epicycles to produce agreement 
with observations, until it became much too complicated. The 
Copernican theory (represented in Fig. 8.1c) which places tlie sun 
at the centre and 
makes all the planets, 
including the eai-tli 
revolve round him in 
circles, is mucli sim- 
pler in comparison 
Diurnal motion, on thifc 
theory, is explained b\ 
the rotation of the 
earth about its axis. 

But “ Copernicus too 
supposed the orbits to 
be circular. In parti- 
cular cases, he placed 
the sun a little out of 
centre or introduced a 
much smaller number 
of epicycles to bring agreement with observation. The ancients 
believed the circle to be the perfect curve and celestial motions^ 



Fig. 8. Ic 
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Uk \ niusl l)j oi c'liciiJiir motions We shall 

explain later how Kepliijr (Geiniau Astioiiumer: 1571-16110) was 
able to construct the path ol a planet directly from observation 
and louiul it to he an ellipse 

It should be leniarked that neithei Ptolemy nor Copernicus 
l>ossessed tacts which could torin an^ solid basis of their theoiies. 
The Copernicaii theoi}^ was virtually accepted before all objections 
to it could be overcome b} means ol observation. We howe\ei 
«;ive below steps which would loj^icallv lead to it, thou^di tlun 
*11 e iif)t ol liistorical ouler. 

8.2. 'riiai • planets show pliases like the moon was not 
known betoie tlie time ol Galileo (Italian Astionoiner 
(1 564- 1 6 12) lie discovered the pheijomenon with his newJ'v in- 

vented telescope Occinieiice of jihases show that planets are 
not self-luminous, the illumination (\b&ei\ed is due to suii-iavs. 
Mou‘0\er, that the\ aie spheiical bodies lotating about axes 
through then centies can he tslahlished l)\ the methods of 
SJLC 


I.et (he spheii, centie O, lepreseiit a planet, OS the direc- 



tion of the sun and OE 
that ol the earth (P^ig 
8.2). The ])oition illu- 
minated b\ tliL sun is 
l)ounded b\ the circle 
AHA', perpendicular to 
OS, the portion visible 
to the observer on the 
eaitii is bounded b\ the 
circle ADA', pei’j^endi- 
ciiUir to OE. The illu- 
minated portion visible 
is therefore the lune ol 
angle HOD, and has ail 
aiea proportional to the 
angle. This angle therc- 
lore mav be emploved as 
a measure of the phase 
of the planet. 


OD ih perpeiulicular to OE' «lieie E' is a point Du 
£0 produced and OB is porpendiculai to OS. Hcuce 
/ BOD = / E'OS = supplement ■of 2.EOS 


llcKve the phase of a planet i» propoitional to the supple- 
ment of the angle subtended by the sun and the earth at the 
planet. • 
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(ralileo observed Veiuw with his newly invented telescope 
and found it to be soinetiino'^ gibbous (/.f\ more than half full) 
and sometimes crescent. It is interesting to. notice that this 
was a point against the Ptolemaic theory; for according to it 
the angle subtended at VenuK by the e§irth and tlie sun is al\va\a 
obtuse (see Fig. 8.1b); the supplement is therefore alwa\s acute 
and so tli^e planet should be alwa\s ci’escent and never gibbous. 

The length of the tliickest part of the illuminated portion 
of the disc, visible to the earth, is obviously DL where II I j is 
drawn perpendicular to ()D (Fig. 8.2). 

DL-OD-OJ.-OD (1-cos B01))-0D vers JU)1) 

The thickest part is thercime jiropoTiioaal in lUv versed s}ne 
oi the aagJe snppicnieni in Jhol suhf ended bj/ the earth and the 
sun at the planet ** 


Apparent brightness of a ph^nci. 

It should be noted that the aiipareiit brightnlss of a ))lauet 
is not solel> dependent on its phase. For example Venus, !|^dieii 
full, is much farther off th.m when erescent and ma\ aetuall\ 
appear fainter on account. ^of its distance. Brightness varies 
iii\ersel\ as the square of the distance of a luminous object. 
Moreover, the apparent briglitness of a‘ planet is also proj>orUi»ia-l 
to the area of the illunjinated portion of the disc. Hence the 
measure of the apparent brightness ol a phinei 
c X area of the' illuminated portion of the disc 
(<listance)2 , 

cojistaiit depending on the reflective power of the planet and 
on its sill face iiluminution 


w here (‘ 


From Fig. 8.2 the liriglitiiess B'^ 


C.'7i 2( — cos JiOD) 
2d2 


where d is the distance of the planet fioiii the observia- and 
r is the actual radius ol the disc. 


8 . 3 . Admitting that the suii is at rest and the earth is 
revolving round the sun (we have already shown this to be a 
fact in SEC. 7 . 2 j it is not difficult to see that planets should also 
be revolving round him. From observation of phases of a planet 
over a long period, suppose it is found that it is crescent on 
se\eral dates of the year. Let F,, Eg, E3, (Fig. 8 . 3 a) represent 
the positions of the earth hi its orbit on the respective dates. 
The planet must lie betw'een the earth and the suii, because 
it is crescent. Moreover suppose that the planet is never seen 
in a direction diametrically opposite the sun. The obvious 
conclusion would be *thnt its orbit is round the sun and ^ inside 
that of the earth. These facts of observation and tlie conclusion 
arrived at apply to the planets Venus and -Mercury. 
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Similarlj suppose a planet is observed to be full and opposite, 
the Bun on various dates : and E^, E3, E^ are the positions of 
“ the earth on such dates. 

The positions of the planet 
must then be reprei^ented 
by • points such as 
(Fig. 8.3a). 
Moreover suppose the 
planet is iiever seen to be 
crescent. The conclu- 

sion should be that its 
orbit is round the sun 
and outside the orbit of 
the earth. 

Definition : A planet 
whose orbit lies inside 
the orbit t>f the earth is 
called an Inferior planet. 

Definition : A planet 
whose orbit lies outside 
the orbit of the earth is called a Superior planet. 



DefinitiVn: When a ’planet is in the same direction as, 
and in the same line with, the sun. as seen from the earth, it is 
said* to be in conjunction. 


Tlio coniunction is said to be absolute, if the planet is 
exactly in the same line with "the sun. When however the 
longitude of the planet is the same as that of the sun, but they 
are not exactly in the same line, the planet is said to have a 
conjunction in longitude. 

^ Definition: A conjunction is said to be Infeiior when the 
planet is between the earth and the sun ; and Superior when it 
is beyond the sun. 

Definition : When a planet is opposite the sun and in the 
same straight line with him as seen from the earth, it is said 
to be in Opposition. 

Opposition is said to be absolute, when the sun and the 
planet are exactly in the same straight line as seen from the 
earth. When the longitudes of the sun and 'the planet differ by 
180® but they are not exactly in the same line, the planet is 
said to be in opposition in longitude. 

In Fig. 8.8a, V, and V3 are two positions respectively of 
inferior and superior conjunctions of the inferior planet V; M3 
is a position of superior conjunction of the superior planet M. M, 
is a position of opposition of the same planet. It is obvious 
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an inferior planet cannot be in opposition, nor cun a superior 
planet be in inferior conjunction. 

DefiniUon : The angle between the direction of the sun and 
• that oTapIanet (as seen Irom the earth) is called its Elongation, 

A planet is said to be in Quadrature when its elongation is 

900 . 

D e j initi on : The interval between two successive conjunc- 
tions'oi*ffie same kind or between two successive oppositions is 
called the Synodic period of the planet. 

Definition : The interval between two successive passages 
ol a planet through the same point of its orbit is called its 
Periodic time or Sidereal period. 

It should be noted that while it is easy to observe the period 
between two successive conjunctions or two successive opposi- 
tions, it is impossible to observe directly the period between two 
successive, passages of a planet through a fixed point in its orbit. 
For suppose a ))lanet is at when the earth is at E^; ^hen the 
former returns to the latter will be at some other point ^ay 
E^. In tlie first case the direction of the planet is in the 

second EjVg, so that the planet will not be seen near the 
same group of stars as bfe'fore and there is no observation by 
which we can tell directly if the planet has returned tt) the same 
point of its orbit. Sidereal period how^ever can be calculated 
from the Synodic period as follows: ^ • 

Observation shows that an inferior planet has a larger and a 
superior jdanet a smaller angular velocity round the sun than 
the earth. 

Let S be the sun, V an 
inferior planet, M a superior 
planet and E the earth; and let 
SVEM be a straight line 
•(Fig.e.Sb). Let 

P=the bidereal period of V, 

P' = the sidereal period of M, 

Y=rthe sideral period of E 
i.e., the year, 

T=rthe* synodic period of V, 

T'“the synodic period of M. 

The average angles des- 
cribed by V, E, M round S in a 
unit time (say, a day) are given 

by ZVSV'=?^, 2 eSE'=?^ The average 
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angle gained )>;y V over E in unit time i.c. a da} is equal to 
360O/T. 

‘But it is also = ^E'SV'. Hence, 

360 ^ 360 ^ 360 ^ 

T ""P “ Y 



Similarl} the average angle gained by li over M 
And this is also /.M'SE'--(360o/Y)-(3G()o/P') 
360’, 360* 360° 



... (8.38) 
_ .‘l 6d 

- qj- • 

Hence, 


(8.3b) 


Since Y is known and T and '1" can be tibserved, P and 
P' can bo calculated trom equations (8.3a) and (8.3b). 

^4. T\cho Hnihe (Danish A&tronoiiioi 1540-1001) made 
the most accurate observations of his time and left a mine ol 
data in the hands ot his jnipil Kepler. On the basis ol these 
data, Kepler constructed the orbit of Mars, assuming the orbit 
of the earth to be a circle. This assumption did not involve 
him in aiiv great eiior; for the eccentricity of tlie earth's orbit 
is reall\ small.’ Later he considered other planets and put 
^orv^^lrd the final lesults in the form of the follo\\ing three laws 
The laws go bv his name and comprise the modern theory of 
planetary motion. Kepler’s laws are : 

First law Every planet moves in an elliptic orbit with 
the sun in one of its focuses. 


Second law The areas swept out by the line ]oining the 
sun and the planet in equal times are equal. 

Third law The squares of the periodic times ot planets 
are proportional to the cubes of their mean distances from the 
sun 


Definitionn : When a body moves under a force directed 
towards a fixed point, it is said to describe a Central orbit. An 
apse of a central orbit is the point where the body is nmving 
perpendicular to the radius vector from the centre of force. 
The major axis of the elliptic path of a planet is called the 
line of apses and4ts exti'emities the apses. 

When the planet is at« that extremity of the major axis 
of its prbit which is nearest the sun it is said to be at perihelion; 
when at the extremity farthest from the sun, it is said to be 
at aphelion. 



TUB PLANETS 


63 


Kepler’s method of constructing the orbit of a planet is 
as follows: 


Let S be the sun and the circle, centre S, 
the orbit of the earth (Fig.8.4). Suppose the 
elongation of a planet, say Mars, is observed 
on a particular day when the position of the 
earth is represented in the diagram by the 
point The direction of the planet EjM can 
therefore be constructed. After a sidereal ^ 
period, Mars returns to the same point M in 
its orbit, l^et Eo represent the position of the 
earth at the time. Observe the elongation of 
the planet and draw its direction E 2 M in the 
diagram. The point of intersection of E,M 
and EjM is then a point on the planet’s orbit. 

From such pairs of observations, any number 
of points and so the whole orbit can be obtained, 
time the dates on which the planet is at the various points ^ 
its orbit are known; material for the construction of the first 
two laws is tluis in hand. 1'he third law of course follows from 
a comparison of different plaitels. 



Fij;. 8.4 
At th'fe same 


8.5. From Kepler’s second law Newton showed that the 
force under which the planet is moving must be towards th^ 
sun; from the first, he deduced that the force varies inversely 
as the square of its distance from the sun; and from the third, 
he found that the constant of variation is the same for all 
,planets. These results combine into his Law of Universal 
Gravitation w’hich states that there is a force of 
attraction = G(mni7r2) hetw'cen any two particles in the universe 
of masses m and m', placed at a distance r from each other. 
G is a constant called the constant of gravitation. 


It is not possible within the scope of this work, to set out 
New’toii’s deductions. But taking the planetary orbits to be 
circular instead of elliptical, the law' of universal gravitation 
may be established as follows. 


Let two planets P and P' revolve in circles of radii r and r^ 
about the.sun, and let T and T' be their periodic times. ^ 
According to Kepler’s second law, the areas swept out by the 
radius vector in equal times are equal, i.a., eqtlul arcs are 
described in equal times. It follows that the vtlocity in the 
orbit is constant in magnitude. Let the velocities of P and P' 
be V and v'. We know from elementary dynamics that tjje 
accelerations of P and P' are then (1) towards the centre ue, the 
sun and (2) of magnitudes v^/r and v'^/r' respectively. Now 
from Kepler’s third law w'e have 
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T® ^ .. ( 27 r/v)® 

r* ’ (2^r7v0® r'" 

/“T * /"T *(85) 

V r V r' 

f^. v*k^/“^ and v' — kjs/^z . 

The accelerations v^/r and v'^/r' are therefore equal to 
k2/i-2 and k^/r'^ respectively. That is to say the forces vary 
iiiveisely as the squares of the distance between the sun and 
the jdanets. . 

The same invei'se square law of force is found to hold in 
stellar systems and also among terrestrial objects. Hence the 
law is universal. ' 

Conversely, assuming the law of universal gravitation, 
Kerter's third law can we easily deduced. 

^Let P and P' be two planets revolving in circular orbits of 
radii r and r' round the sun. Their accelerations according to 
the law of universal gravitation, are towards the sun i.a. towards 
the centre-; and their ratio is l/r^: 1 /r'2. There being no 
acceleration in the direction of motion at any time, the velocity 
in ‘the orbit rernainh constant in magnitude. Let the velocities 
be V and v' We know from elementary dynamics that the 
accelerations of the planets are towards the centre and of 
magnitudes v^/r and Hence 


Since v and v' are constants, they are equal to (2 nr/T) and 
(2nr' IT') where T and T' are the periodic times of the planets. 
1'herefore 




8 . 6 . The ratio of the masses of the sun and any planet 
possessing a satellite may be estimated as follows : 

Let S = mass of the sun 
E-=ma83 of the earth 

11= the radius of the circular orbit of the earth 
relative to the sun. 
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The attraction of the sun on the earth = (i 




where •ii is 


the constant of universal gravitation. The acceleration of the 

f i8 


earth towards the sun is therefore = O 




and the acceleration 

) ■ 

Ir 

P 

o( the sun towards the earth is = 0^- . Hence the accelera- 

E + S 

tion of the earth relative to the sun is (r . But since the 

B* 

earth is moving in a circular orbit with uniform speed v (relative 
to the sim), its acceleration (relative to the sun) towards 

the centre of the orbit is v2/B= Yr“ where Y is the year. 

Hence equating the two, 

G. Or' E;|-S x-Ys' •- l86a) 

Similarly, let mass* of the moon 

r= radius of its circular orbit relative to llie 
earth 

T = the sidereal period of the moon; 
then as in equation ([8.6a), 

(86b) 


Dividing (8.6a) byi (8.6b), 

E+S.R* •P . 

M+E ~i» Y*' "■ 

Practically E is a small fraction of 8 and M of E; hence 
without much error the equation (8.6c) can be written as 

S 


'“r» Y» 


i8.6d) 


A similar equation can be obtained with regard to any 
planet possessing a satellite. For instance, let J be the mass 
of Jupiter, B' and r' be the radii of its own orbit and that of 
a satellite, and T' and t' the sidereal periods of the planet and 
it; satellite respectively. Then 


S R'»v 
1 " r'» r* 


(86e) 


Equations like (8.6d and 8.06) yield the ratio of the masses of 
most planets to that of the sun. Their absolute masses could 
be known if the mass of any one planet be defermined. 

It is possible to determine the mass of the earth as follows : 
Let E=the mass of the earth 
a = the radius of the earth 
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Then the attraction of the earth on a particle on its 
surface, according to the law of gravitation, is G(E/a2). This 
acceleration, usually denoted by g, can be observed. Hence we 
have the relation 

G^-g ,(8.60 

The constant of universal gravitation G can be found by 
Cavendish's experiment, explained in books of Physics. 
Therefore E follows from the equation above. Hence masses 
of the sun and all planets possessing satellites are determined 
by equations (8.6d) and *(8.6f). 

8 . 7 . In SEC. 8.3 and 8.4, we have developed the modern 
theory of planetary motion. We shall now show that it is 
capable of explaining all observed nlanetary phenomena. Strictly 
speaking, iUfie trial of the theory f should consist in showing 
agreement of all observed positions of a planet with those 
deduced from the theory. Within^ the scope of our elementary 
study, we have neither attempted the complete specification of 
the orbit of a planet from observational data, nor are we able 
to Vediice its position at any time. But a qualitative explana- 
tion of a few characteristic phenomena is possible. 

First we consider the question of phases of a planet. For 
himplicity,v we take the orbit to be circular and coplanar with 
that of the earth. 

Let the circles, with the sun S at the common centre, 
represent the orbits respectively of an. inferior planet V, of the 
earth E, of a superior planet M (Fig. 8.7). Phases depend on 
the relative positions of the planet and the earth with respect to 
the sun. Let SVEM be a straight line. Consider E fixed and 

let V take various relative 
positions V„ V„ V3, V„ V,. 
Let the arrowheads indicate 
the directions of motion of the^ 
planets in their orbits. Since' 
the angular velocity of V 
round S is greater than that of 
E round S, the successive 

relative positions V^, V^, 

are in the direction shown by 
the arrow-head, (i) Wien the 
inferior planet is at V, the 
angle subtended at it by E 
and S is 180^. ‘ Its supple- 
ment is Qo. Hance no 
portion of the illuminated 
surface is visible (sec. 8.2).* . 
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— a fact wliieh is also otherwise obvious. The phase of the 
planet is called new, 

(ii) When the planet is at the •angle subtended at it by 
E and S is obtuse; the supplement is acute. So less than 'half 
the illuminated surface is visible to an observer on the earth. 
I'he phase is called crescent. 

(iii) When the planet is at Vg where EVj is a tangent to 
the orbit, the angle subtended at it by E and S is 900; the 
supplement is OO^. The planet is half full to the observer on 
Jhe earth. It is then said to be dichotomized. 

(iv) When the planet is at V 3 it is more than half full and 
]s said to be gibbous. 

(v) When the planeiLia at on ES produced, it is full. 

(vi) When the planet is at V, and at points farther round, 
the phases repeat in the reverse order. 

So an inferior planet shows all the phases from pew to full. 
Moreover the elongation of the planet can never exceed ^ SEV^, 
where EV^ is tanget to the orbit. The angle SEVj is obftously 
acute; so the planet is never very far from the sun in the sky. 
It* it be west of the suiv it will rise before sun-rise and remain 
visible until the sun rises. It is then called the 'pioniing star*. 
When it is east of the sun, it will not rise before the sun, will 
not be visible during day-time, but will appear in the wj^stern 
<?ky after sunset. ^ It is then called the ‘evenipg star*. 

Mercury and Venus exhibit these phenomena according to 
theory. 

Consider now phases of a superior planet M. Since phases 
depend on the relative positions of the planet and the earth, 
with respect to the sun, we may consider the planet to be 
stationary at M on the outermost circle while the earth E 
which has a larger angular velority round S than M, takes 
successive relative positions on the middle circle in the direction 
ol the arrow-head (Fig. 8.7). It is easily seen that the angle 
subtended at M by E and S is greatest when E is at E,. E^M is 
tangent to the orbit of the earth. In this configuration, the 
portion of the illuminated surface of the planet visible to the 
earth is the least. But SMEg is necessarily acute and its 
supplement obtuse. Hence the least portion is still more than 
half the illuminated surface — a superior planet cannot be 
dichotomized or crescent or new. This fact is expressed by • 
saying: *A superior planet is most gibbous at quadrature*. 

' Since the elongation SBM can have any value, the planet 
may, unlike an inferior planet, be visible at any tim# of the 
night*. Observation agrees with these deductions from theory. 
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8 , 8 . l^et us now explain those special feaiuies of planetaiy 
motion cU‘scril)e(l in sec. 8.1, which gave* rise to the name 
'planet'. ^ 

' We employ 1^’ig. 8.7, whore S represents the sun, the inner- 
most circle the orbit of an inferior planet \C, the middle circjle the 
orbit of the earth E, and the outermost circle the orbit of a 
superior planet M. The arrowhead indicates the direction of 
motion in the respective orbits. 

Consider first the case of an inferior planet V. At inferior 
conjunction when the planet is at V, both the earth and the 
planet are moving in parallel directions. From equation (8.S), 
we know tlie velocity of the planet is greater than that of the 
earth. Hence the relative motion of the planet is clockwise. 
But the relative motion of the sun is ^bviously counter-clockwise. 
Hence at inferior conjunction ther motion of the planet is 
retro<jriide • 

r 

Again considtu* tlie planet at wliere EV^j is a tangent to 
the orbit of the planet. TJie planet is moving along the line of 
siglil^ its ow^n motion is therefore imperceptible to the observer 
on the earth. Jiut on account of the earth's motion, the planet 
will appear to move counter-clockwise. The sun as before appears 
to move counter-clockwise. The motion of the planet is there- 
foie direct in this situation. 

•Til passing from the retrograde to the direct character of 
motion, tlie planet will obviously be fitationary in some inter- 
mediate orientation, say E and V^. 

Consider now a superior planet. When it is in opposition at 
W, both the planet and the earth are moving in parallel directions; 
but the velocity of tlie earth is greater (see equation 8./)). The 
relative motion of the planet is therefore clockwise. Motion of 
the planet is thus retrograde at opposition 

At quadrature, suppose the planet is at and the earth at 
E, where EM^ is tangent to the orbit of the earth. The earth 
moves along the line of sight EMj of the planet The relative 
angular motion of the planet is therefore unaffected by tlie motion 
of the earth. But the planet's own motion makes it appear to 
move in the anti-clockwise direction. Hence the motion of the 
planet is, direct. Between direct and retrograde stages, there 
will be an orientation, say E, and M, where the motion of the 
planet will be stationary. 

8 , 9 . The rajjlo of the distance of a planet from the sun *to 
that of the earth can be obtained from the construction of the 
orbit by Kepler's method. On the assumption that the two orbits 
are circular and coplanar, the ratio may be obtained more directly 
as follows; ‘ 
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Consider first an inferior planet. Let the circles \^ith the 
6iin S at the common centre represent the orbits of an inierioi 
planet and of the earth (Fig. 8.9a). Note 
the time of the inferior conjunction, when 
the planet is at B and the earth at A 
After an interval t, let the relative posi- 
tion of the planet be the earth con- 
tinuing at A ; the elongation of the planet 
SABj at the instant can be obseived. 
Let T be the synodic period of the planet. 
Then 21 = /T)t. Hence the 

angles of the triangle ASB^ are known. 
Now, 

SBi _ sin SAB i . i' _ sin SAB, 
SA sin SBiA** i SBiA 

where r'. and r are the radii of the orbits 
•of tlie planet and the eaitb respectively. The ratio of r to r' is 
therefore known. 

The case of superior planet can be explained with the help 
of the same figure Let the outer circle now represent th Jorbit 
of the planet and the inner that of the earth. Note the time 
of opposition when the plaflet is at A and the earth at B. After 
an interval t, lot the relative positions of the eaith and tlic 
planet he B^ and A respectively The Z. ASB;i(2 /T). t, 
where T is the synodic period of the planet. The elongation of 
the planet SB, A can also be observed. Thus all the angfes of 
the triangle AB,S are kno\^m and as before the ratio of the radu 
can be obtained. 

The ratio of the distance 




of tho earth to the distance of 
the planet from the sun is 
called the annual parallax (in 
radians) of the planet (see sec 
14.2), On the other hand, the 
ratio of the radius of the earth 
to the distance of the planet 
from the centre of the earth is 
called the diurnal parallax (in 
radians) of the planet — (see sec. 
11.1). Diurnal parallax of a 
superior planet is generally very 
.small. A method of deriving 
the annual ^ parallax is the 
following. It should be remark* 
ed that the method is not 


Fig. 8.9b substantially different frdin that 

given above. 
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•In Fig 8.9b, let E, and Eg be two positions of the earth in 
its orbit round the sun and J, and J 2 the corresponding positions 
of the superior planet at two consecutive quadratures. Let the 
interval between them%e T. Tiot the known synodic period of 
the planet be P. Since the angle gained by, the earth over the 
planet is E^SJ, h- ^E 2 SJ 2 = 2 2 EiSJ, in the tirfte T, 
2 Z. ‘(27r/P) T and is therefore know^n. Hence the annual 

parallax (in radians) - — CosEjSJ, = Cos 

8 .10. We give below the names of the planets in order of 
their mean distances from the sun. In the second column of 
the table, the mean distances are given in terms of the distance 
of the earth from the sun. In the third column, numbers 

obtained from the formula 4 + 3x2”^^ for n = l,2, 3... are given. 

The number 4 corresponds to Mercury; and n = l, 2 give 

numbers corresponding to Venus, Earth 


O 


List of Planets 

Names Mean distances 4 + 3 x 2^*" ^ 

from the sun 


Inferior 

planets 


Superior 

planets 


Mercury 

.39 

4 \ 

( Venus 

.72 

7 

Earth 

1 00 

10 

' Mars 

1.52 

16 

Asteroids 

• ... 2.65 


J upiter 

... 520 

5ii "I 

Saturn 

... 9.54 

100 

Uranus 

... 19.19 

196 

Neptune 

... 30.07* 

388 

, Pluto ... 

... 39.60 

772 J 


Interior 
\ planets 


Exterior 

planets 


There is a remarkable correspondence between the numbers • 
in the second and the third columns, excepting in the cases of 
the last two planets. The formula may therefore be used to 
obtain the approximate distances from the sun of planets except 
the last two. It is ktiown as Bode's law, after the name of its 
discoverer Bode (German Astronomer; 1747-1826). When it 
was first put forward, there were two prominent gaps .in che 
series of distances: the planet Uranus and the Asteroids were 
still undiscovered. With the discovery of Uranus by Herschel 
(English Astrortf>mer; 1788-1822) one gap was filled in agree- 
ment with the law. Later searches led to the discovery of the 
asteroids — a swarm of smaller masses, the distance of the centre 
of gravity of which from the sun was again in agreement with 
the law. 
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If we denote the distance of a planet by r, we have 
r = 4H-3x2'''”^ =4 + 3x6^''“’^^ ^ 

which is of the form r=a + b.e The planets therefore may 

be supposed to have been at one time arranged on an equiangular 
spiral. It may be conjectured that the solar system was evolved 
by matter streaming out of the sun in the form of an equiangular 
spiral. Jeans* researches however point to a different mode of 
evolution of the solar system, namely tidal disruption of the sun. 
Rut Rode’s law remains a mystjiry yet" to be explained. 


Examples worked out 

1. If tlie Sun ajft^^*^enus rise at the same point on the 
horizon, n days after the vernal equinox, find the** elongation of 
Venus Show that sin(720On/365J) is less than 7/10. (Assume 
that the orbit of Venus is coincident with the ecliptic, 'that the 
late ot increase of the Sun’s longitude is uniform, that the dis 
tances of the Earth and Venus from the Sun are accoM#ng to 
Bode’s law). 

• Since the sun and tiie planet rise at the same point of the 
horizon, their declinations are the same. The planet is of course 
not at the same 4 >oint of the ecliptic as the sun ; for then it will 
not be visible at all. Therefore the distance of the sun frop y is 
equal to the distance of the planet from ^ measured along the 

360® n 

ecliptic. Now the distance of the sun from y*~ 3 g 5 j". /. the 

elongation required = 180® - 2 (360®n/365J) = 180^ (l-4n/365J). 

sin ]80O(l-4n/36r)J) must be less than the sine of the max 
elongation w^hich is 7/10. /. sin 720On/305J is less than 7/10. 

2, Assuming that Venus and the Earth describe circular 
orbits in the same plane show that Venus will appear brightest 
at a distance p given by i b^+Sa^— 2b where a and b are 
the heliocentric distances of the Earth and Venus. 


Let B represent the brightness of vcnus. Then 

8 

B-— (l+cosdt (see SEO. 8.2) where d is the angle 

. 2r ' 

subtended at the planet by the earth and the sun. 


But cos 


, P*+b»-a» .n_c«r» 

d“ ' o/ia 2Ph ^ 


2pb 


2pi 


p»+21>b+b*>-a» ) 

4bf»* 
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For maximum brightness ^p"*0 /.a + 4bf’H- 3' b* -^®) “0 

■ P-( t''b® + 3a® -2b ), neglecting the negative root. 


Exercise 8 

1. Find the ratio of the masses of the siui and the earth, given that 

the radius of the earth’s orbit 93,000,000 miles 

the radius of the earth . . ... 4,000 miles 

acceleration due to gravity ... 32£t./Bec2. 

the year ... ... ^ ... 366i days 

2. The interval between the eastern an^i western quadratures of Jupiter 
is 175 days and between two oppositions .400 days approximately. 
Find the distance of the planet frqpi the sun. 

3. (Calculate the periodic time c)f a celestial body describint^ a circular 
orbit round the sun at half the distance of the earth. 

4j;*. Jupiter and Venus are evening stars, and stationary. Find which 
way they will begin to move. 

5. Compare the velocity of Mercury with that of the earth, according 
to Bode’s law. 

6. Find the periodic time of Venus on the basis of Bode’s law. Hence 
deduce the interval between two successive •conjunctions of the 

. same kind. 

*7. If a planet rises at the cast point on the 2l9t. June, what is its 
elongation? If it rises 23^ 28' North of east on the 21st. March, 
what is its elongation? (Consider tht orbit of the planet to be 
in the plane of the ecliptic). 

Hint : Establish the identity of the spherical triangle with the 
east point, the point where the planet rises, and the First point of 
Aries as vertices on one h^nd, and the spherical traingle with the 
celestial pole, the zenith, and the pole of the ecliptic as vertices, 
on the other. 

8. Compare apparent brightness of Venus when full with that when 
dichotomized, with respect to an observer on the earth. 

9. Calculate the period during which Venus appears as a morning star 
at a stretch. (Assume distances of planets from the sun to be 
according to Bode’s law). 

10. Calculate the diurnal parallax* of Mars at opposition, and at 
quadrature. 

Take the radius of the earth ... 4,000 miles, % 

the radius of the orbit of the earth 93,000,000 miles, 
ratio of the radius of the orbit of 
the earth to the radius of the orbit 
of Mars ... 10 :16 

11. The synodic period of Mars is 780 days, and the radius of its orbit 
Jassumed circular) is 1.52 times the radius of the earth's orbit. 
Calculate {i) its phase at quadrature, (ti) its elongation 195 days 
before opposition. (Andhra 1944). 



9. COMETS AND METEORS 

9.1. The motion of comets relative to stai's has been briefly 
described in sec. 2.1. In some respects the motion resembles 
that of planets. The points of difference are (1) while planets are 
confined within a narrow belt round the ecliptic, comets are 
not; (2) while all planets move round the sun in the same direc- 
tion, some comets move in the opposite direction too. 

Several hundreds of comets have been hitherto observed. 
Their orbits can be calculated, on the basis of Newton's universal 
law of gravitation, from tif^ee observations of positions separated 
by suitable intervals of tiAe. It has been found that many of 
the orbits are parabolas or perhaps hyperbolas while the rest are 
probably elongated ellipses very nearly parabolic. Comets having 
elliptic orbits are said to be periodic, because they return to view 
at more or less regular intervals; those describing parabolic or 
hyperbolic paths do not return. It should be mentioned that 
l)oth comets themselves and their paths fnay undergo considerable 
change by the gravitatio^l influence of planets near which they 
may happen to pass. Planets however have been found to be 
hardly disturbed by the near passage of comets. This shows that 
masses of comets must be very small; but their volumes are 
generally enormous. The density of matter of comets is tliere- 
fore incredibly low. 

9.2. Tlie most remarkable among f)eriodic comets is that 
known as Halley’s. (Halley:- Astronomer Royal, 1656—1722). 
From old records, Halley found that the elements of the paths of 
comets which appeared in 1531, 1607 and 1682 were almost 
identical, and concluded that is was the same comet which 
appeared in these years, and predicted its return in 1758. 
Clairaut (French Astronomer : 1713-65) introduced allowances for 
perturbations by Jupiter and Saturn and predicted that the comet 
would be closest to the sun i.a. at perihelion about the middle of 
April, 1759. Uranus and Neptune were not then discovered and 
no allowances were made for their perturbations. Actually the 
comet was at perihelion about the middle of March, 1759. The 
oomot has 'Since appeared in 1835 and 1910. 

9.8. Meteors or shooting stars are ev^ more transient celes- 
tial bodiesr— they are visible in the sky only for a few seconds. 
Sometimes a particular shower can be associated together by the 
fact that their paths, when produced, meet practically at the same 
point of the sky, called the Radiant point. 

For the short time the meteors are visible their paths 
must be straight lines. In Fig. 9.3, let straight lines a^b^. 
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etc., parallel to the diameter of the celestial 

sphere, represent the paths of a shower of meteors. They are 

projected on the celestial 
sphere into arcs A^Bp A^Bj, 
etc. of great circles with com- 
mon diameter A^By ; these arcs 
produced backwards meet at A*. 
Thus a shower with a common 
radian point should be regarded 
as moving in parallel straight 
lines. The direction of motion 
of the shower, It should be 
noted, is towards By which is 
diame^cally opposite to the 
radiaiv point Ay. While the 
paths A,B,, AgBj, etc. are 
relative to the observer the 
points Ay, By are independent of his positions. EB,, therefore 



indicate^ a fixed direction. 


Now suppose I he path of a particular comet, no longer visible, 
cuts the orbit of the earth at a point and in a direction which 
agree with the date and the direction of the observed shower. 
We may then Reasonably conclude that the meteors are repre- 
sentative of the comet — the comet has disrupted into smaller 
masses' giving rise to the meteors These masses happen to be 
at the point of intersection of the orbits at the same time 
that the earth is there and rush into the atmosphei’e of the earth 
flashing into light due to friction of air. The shower of meteors 
is thus explained as the remniinls of a comet. 


A shower observed about the 14th November, whose radiant 
point is in the constellation of Leo has been associated in this 
way with Temple’s comet. Other showers are similarl\ con- 
nected with other comets. 


Exercise 9 

1. How did Halley predict the return of the comet which goes by his 
name ? 

2. What is the radiant point? Explain that the direction of motion 
of a shower of meteors is towards the point diametrically opposite 
the radiant point 

3. The radiant point of a shower of meteors is found to be 30® behind 
the sun on the ecliptic. Assuming the orbit of the comet which 
gavO rise to the shower to be a parabola, in the plane of the ecliptic, 
And the time taken by the earth to go to the other point of intersec- 
tion of the orbits. 


10. THE MOON 


10 . 1 . As stated in section 2.1, the moon’s path relative to 
stars, is a great circle. Her Angular diameter varies at different 
points of the great circle, obviously on account of the change of 
her distance from the earth. Following the procedure of section 
7.1, the true shape of the path is found to be an ellipse with the 
earth situated at a focus. 

The appearance that the moon revolves in an ellipse round 
the earth may be produced in two wa>s: (1) the moon actually 
may revolve round the earth or (2) the earth may move round 
the moon. .The second hypothesis however is easiK shown to be 
wrong. It has already boj^ shown (sec. 7.2) tliat the earth 
moves round the sun in an ellipse with the latter situated at a 
focus. If it moves also round the moon, the apparent path of 
the moon should coincide wWi the ecliptic in case she is in the 
plane of the ecliptic, or should be a small circle (parallel to the 
ecliptic) in case she is out of the plane. Since the apparent 
path is neither the one nor the other, we conclude that the i#)on 
moves round the earth as stated in the first hypothesis. 

•10.2. Illumiiiatioii ofv’the surface ol the moon, like those 
of planets, is caused by sun-rays; for otherwise the#whole disc - 
should have continuously appeared luminous. It follows that 
tilt phases of the moon depend on her positions relative to ihe 
sun and the earth as explained in sec. 8.2. 


Let E and S, Fig 10 2, ropreseiit 
the earth and the sun, and the circle, 
centre E, the orbit ^of the moon. 
The arrow-head on the circle shows 
the direction of motion of the moon 
relative to the earth and the sun. 

• For simplicity we take the relative 
orbit round the eartli to be a circle 
and in the plane of the ecliptic. The 
direction of the sun from any point 
on the circle is the same, the sun 
being so distant. When the moon is 
at pn the line ES and between E 
and S, it is said to be in conjunction. 
^EMjS is 180® and its supplement . 
i.s 0^. So no portion of the illu- 
minated surface is visible to the earth 



(This of course is otherwise obvious). 

The phase is called** new. At M, ^ EMgS is obtuse ailfi its 
supplement acute: less than half the illuminated surface is 
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visible to the earth 'and the phase is said to be oxesccnt. At 
M 3 L HEM 3 , the elonga^on of the moon, is a light angle: the 
moon is at quadrature. The angle EM 3 S is also a right 
angle, its supplement is 90^; and half the illuminated sur- 
face IS visible. The moon is now dichotomized] and*' she 
is also said to be in the first quarter. At ^ EM 4 S is 
acute, its supplement obtuse, more than half the illuminated 
surface is visible to the earth and the moon is said to be gibbous. 
At M, on SE produced, ^ B M^S is 0^, its supplement is 180® : 
the whole of the illuminated surface is visible and the moon is 
said to be full. At M^, Mg the phases occur in the reverse 
order At Mj and Mg, when the moon is in the same line with 
K and S, she is 'said to be in syzygy. 

When the moon is crescent the ourk portion of her disc 
dimly visible. This is due to illumination by tlie earth, which 
also shines like the moon by the ligl^t of the sun. The pheno- 
menon is loiown as Earth-shine. C’onsider the moon at M^, in 
Fig. 10.2 /^EMjS is obtuse and ^ M^ES is acute. B\ the 
princif\e explained in sec. 8 . 2 , the earth as seen from the 
moon, is more than half full; for the supplement of ^ M^ES is 
obtuse. Moreover, the reflecting power of the earth's surface 
(called its albedo) is reckoned to be about six times larger than 
that of the moon The earth therefore sheds strong enough 
light to illuminate the dark portion of the moon's disc. When 
the ifloon is more than half full the earth as seen from the moon 
is crescent and its light is not strong enough to make the dark 
portion of the moon's disc visible. The phenomenon of earth- 
shine is popularly described in the English language as “old 
moon in new moon's arms". 

10.8. Definition : The period between two successive con- 
junctions or two successive oppositions of the moon is called 
her synodic period or the synodic month or lunation. 

Definition : The period between two successive passages of 
the moon through the same point of her orbit is called her 
sidereal period or the sidereal month. 

The synodic month or the lunation can be found out with 
gi*eat accuracy. Prom old records of eclipses, calculate the 
interval between the middle of a lunar eclipse of ancient times 
and one of recent time. The interval contains an exact number 
of lunations which can *be easily counted. The period of a 
lunation is therefore obtained by division; and the result is 
very accurate, because even if there be an error in estimating 
the interval between the eclipses it is divided by a large number 
and befeomes insignificant in the final result. The synodic 
month or lunation is 29 J days or more accurately 29.5305887 
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mean solar days. (See sec. 13.1 for the meaning ol the term 
mean solar days). ^ 

The sidereal period of the moon is obtained from its synodic 
period in the same way as in the case of the planets (sec. 8.3). 
It should however be remarked that unlike that of a planet the 
sidereal period of the moon may be roughly obtained by direct 
observation. 

Let E, S, M (Fig. 10.3) represent 
the earth, the sun and the moon ; the 
inner circle, centre E, is the orbit of 
the moon; the outer is the orbit of 
the sun. 

Let \ 

S =- the sidereal period of the 
moon, 

T = the synodic period of the 
moon, 

Y — the year i.e. the periodic 
time of the sun. 

The average angle gained by the 
moon over the sun in a \init time= 

(860O/S)-(360o/Y) But this angle 
is also = (360® /T) from the definition Fijr 10 3 

of the synodic period. Hence 

360O/T rr- 360® / S - 360® /Y 

Or 1/T == 1/S-l/Y ... (10.3) 

T and Y being known, S follows. The sidereal period is. found 
to be 27J days or more accurately 27.32166 mean solar days. 

10.4. The motion of the moon is much complicated oh 
account of the gravitational influence of the sun, called per- 
turbation; her orbit undergoes continual changes on this account. 
One such change consists in the rotation of the plane of the 
moon's orbit about the pole of the ecliptic, that is to say,« the 
I'otation of the pole of the moon's orbit round the pole of the 
ecliptic. The dynamical explanation of the phenomenon is 
similar to that given in seo. 14.4 in case of “Precession of 
Equinoxes". 

Definition: The points where the moon's orbit (on the 
celestial sphere) cuts the ecliptic are called nodes; the one 
through which the moon crosses from the southern to the 
northern hemisphere is called the ascending node, and the other, 
the descending node. 

The direction of rotation of the plane of the moon’^ orbit 
is such that the nodes move on the ecliptic in the direction 
opposite to that in which the sun moves; in other words, the 
nocl^s have a Tetrograde motion. The period of a complete 
revolution of the nodes has been found to be 18$ years. 

6 
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Let N be the period of a complete revolution of the sun 
with reference to a no^e of the moon’s orbit. Then, 

3600 3600 3600 

3'651 ‘•‘iBS x365i ■* N 

whence N conies out to be 346.6 days — a period which is of 
importance in connection with the study of eclipses. 

10 . 5 . The markings on the disc of the moon are seen to 
preserve practically the same positions on the disc at all times. 
The right conclusion to draw from this is that the moon rotates 
about an axis through her centre once in a period equal to 
the moon’s sidereal period of revolution lound the earth; and 
not that she does not rotate at all. 

Oonsidei the positions M 
and M' of the moon in her orbit, 
separated by the radial angle 0, 
(Fig. 10.5a) Since tlie same 
face is turned towards the earth 
(the face is ‘shaded in the figui'o) 
tile bounding line ab in the 
position M lotatos into the 
position a'b' at M' where a'b' 
is the tangent to the orbit at 
M'. Since the angle between 
ab and a'b' is easih seen to be 
equal to 6 the period of the 
mooirs rotation about an axis 
Fig. 10.5a pei'pendicular to the plane of 

the orbit is equal to the period 
of her revolution in the orbit. Strictly speaking the angle 
between ab and a'b' is not exacil^> 6 . For while the rotation 
about the axis is uniform, the angular velocity of the moon 
round the earth is not so. The orbit of the moon round the 
earth is really an ellipse and the moon’s angular velocity about 
the earth is governed by Kepler’s law (sec. 8.4). Consequently, 
sometimes we see a little more of the moon’s surface towards 
the east and sometimes a little more to the west. This pheno- 
menon is known as Libration in longitude 




Fig. 10.5b 


Again the moon’s axis of rotation is not exactly perpendi- 
cular to the plane of her orbit. Consequently at one poiht of 
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her orbit, we see a little more to the south and at the diametri- 
callv opposite point, a little more to ftie north, as shown in 
Fig. 10.5b. This is knowm as libration in latitude. On account 
of the two librations, we have a view of a total of more than 
half — about 59%— of the surface of the moon. 

10 . 6 . Phases of the moon present a striking phenomenon 
in the sky and various religious rites are governed by them. 
Besides they are connected with tides. It is therefore important 
to be able to predict the phase of the moon on any date. Now 
it is found that 29.5306 days x 235 = 6939.69 days, and 
365.25 daysx 19=6939.75 days 

The period of 19 years is therefore practically the same as that 
of 235 lunations and. is ca^d the Metonic cycle after the name 
of its discoverer Meton (Athenian Astronomer). The sun returns 
to the same point of the ecliptic and the moon occupies the 
same relative position with f espect to the sun, after this period. 
The phases, which depend on the relative positions of the 
sun and the moon, therefore repeat in the order in whicli^they 
occurred in tlie previous 19 years. 

Therefore if we have the records of the phases of the moon 
in a particular year we ban predict the dates of the phases 
19 \ears after. Now this principle has been used in finding 
dates of full moons in any year by means of Qolden Numbers, 
Ilie golden number of a year is the remainder obtained* by 
dividing bj 19 the year of the Christian era increased by 1. 

When the remainder is zero, the Golden number is 19. For 
instance, the Golden number for the year 1938 is the remainder 
obtained by dividing 1939 by 19, t.a. 1. The dates of full moons ■ 
in 1938 are those of the year designated by the golden number 1. 
The dates of the full moons of a particular set of 19 successive 
jears were inscribed on public monuments by the Athenians. 
The years were labelled 1, 2, 3, ... 19, in golden letters. 
Hence the name ‘Golden number'. 

10 . 7 . The synodic month is 29^ days; i.e. the sun goes 
through 29| diurnal revolutions in this period. Since the moon 
falls back from the sun and loses a complete revolution in this 
period, the number of diurnal revolutions of the moon in 29^ 
days is 28|^. The average period of a diurnal revolution of the 
moon IS therefore 

^ " hours = 24 hr. 50 min. 

If the moon’s path were coincident wdth the celestial equator, 
ahe would rise at intervals of 24 hr. 60 min. ; since it k not, 
the interval between successive moon-rises is at times less and 
at times greater than the average period calculated above. The 
variation is the more marked in high latitude^ 
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\yDefinition: The excess of the interval between successive 
moon-rises over 24 meat! solar hours is called Retardation, 

Betardation of the full moon at or near the autumnal equinox 
is particularly small and the moon is then called the Harvest 
moon, because it is supposed to help harvesters to prolong their 
wwk into night, moon-light being available shortly after sun-set. 

For simplicity of ex- 
planation, we consider the 
path of the moon to be 
coincident with the ecliptic 
At the autumnal equinox, 
the sun is at the First point 
Libra, which at sun-s'^t 
coincides with the west- 
point of the horizon; so the 
•First point of Aries is at 
the instant coincident with 
the east-point of the hori- 
zon The position of the 
ecliptic is EC which from 
E eastward is north of. the 
equator, EQ (Fig. 10.7)! 
The moon, if full, will 
be fit E at sun-set on the day At the following sun-set the 
sun continues to be practically at the First point of Libra and 
the position of the ecliptic is practically the same as at the 
previous sun-set, but the moon will have shifted eastward to 
the position M. So she rises at m whore the small circle Mm 
round the celestial pole P cuts the horizon. 

Compare this state of things with that when the moon is 
full and at the vernal equinox. At jsun-set the First point of 
Aries will now be at the west point and the First point of 
Libra at the east. The ecliptic is at the instant in the position ' 
EC' equally inclined to the equator as EC but on the opposite 
side. The full moon at a vernal equinox will be at E at sun-set. 
At the following sun-set, the sun and the ecliptic occupy prac- 
tically the same positions but the moon will have shifted east- 
ward to M'. We may consider EM equal to EM', each being 
the shift of the moon in course of a day. Also ^MEQ is equal 
to /.M'EQ, each being the obliquity of the ecliptic. It follows 
from the identity of the two triangles EML and EM'L* that the 
arc MM' is perpendicular to EQ and therefore M and M' lie on 
the same hour circle PMM'. The moon at M' at sun-set of the 
foUo^jdng day will rise at m' where the small circle M'm' round 
the celestial pole cuts the horizon. 

Betardation in the first case is measured by the angle 
mPM and in the second by the angle m'PM'. It thereWe 


2 



Tl]£ MOON 


• • 81 


appears iroin the figure that the retardation is much smaller 
when the moon is full at the autumnal equinox than when she 
is full at the vernal equinox. • 

We have compared retardations of the full moon only* at 
the two equinoxes. That on any other day can of course be 
found by the methods of spherical trigonometry and the harvest 
moon can be shown to have the least retardation. A rough 
solution of the problem may be as follows: 

Suppose in Figure 10.7, M represents the position of the 
moon at sun-set following a full moon. Let d be* her distance 
below the horizon and 6 the angle the decimation circle Pm 
makes with the horizon. The small right angled triangle with 
Mm as liypotenuse and d as a bide may be ' regarded as a 
plane triangle The iinglA^between d and Mm is obviously 6. 

Then Mm — the retardation = / MPm= ^ ^ where 
Cos 0 ^ Cos 0. Cosd 

6 is the declination of the moon (c.f. end of sec. 5.10). This 
is least when (1) d is least (2) cos 0 is greatest, i.e., *6 is least 
and (3) cos 6 is greatest t,e. 6 is least. Now these coneji^ions 
are satisfied on the 24th September, if a full moon falls on the 
23rd September. For, alj-, sun-set on the day the ecliptic makes 
the smallest angle with the horizon; because the first point of 
Aries is at the east point and therefore K the pole of the ecliptic 
is on tlie m^'ridian and between Z and P. Now K moves round 
P in a small circle and ZK is least when K is on the meridian 
and between Z and P. Hence d is least on the day. 6 is 
also least on the day, because it is practically zero. And 9 is als.# 
least because the declination circle passes through the east 
point. (See worked out Example 3, chapter 2). 

The full moon following the harvest moon exhibits the 
peculiarity of the latter in a lesser degree. It is known as the 
Hunter^a moon. 

10.8. Of all celestial bodies the moon is the nearest to the 
earth. It is therefore possible to examine her surface with 
great minuteness. The surface is found to abound in mountains 
and valleys. Heights of lunar mountains can be estimated as 
follows : 

Let the sphere, centre 0, (Fig. 10.8a) represent the moon; 
the directions of the sun and the earth from points on the mo6n 
are represented by arrows marked S and E respectively. Let 
the plane of the Chcle ALB be perpendicular to the direction 
OE; all points on the moon's surface are seen on this plane 
projected in the direction EO. The semicircle ACB on the 
spherical surface of*' the moon bounds the lighted portion eof the 
moon; the curve AHB is its projection on the plane of the 
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circle ALB. The shaded portion is therefore the lighted part 
of the moon’s dittc. 



Now suppose there is a mountain of height DF in the jlro- 
longntion of* the radius OD and that its summit just catches 
the sun’s rays. The summit will be seen as a bright spot at 
G, ttie projection of F in the direction EO on the dark part 
of the disc. (In the figure it is the unshaded part.)- 

Let FK be the tangent to the sphere parallel to the 
direction of the sun and let its projection on the plane of the 
circle ALB be GH. Obviously GH is perpendicular to the 
line AB joining the horns of the moon, because it lies in the 
plane of FB and FS, which is perpendicular to AB. 


Let us measure the length GH, i,e. the distance of the 
bright spot from the boundary of the lighted part of the disc, 
measured in a direction perpendicular to AB. Then FK = GH-r- 


sin^ wher* 6 = ^iSPE i.e., the angle subtended at the moon 
p by the earth and the sun. This angle is tffe 

js. supplement of .the elongation of the moon. 

Now the relation between the tangent 
FK and the height DF (Fig. 10.8b) is given by 
/ I V FD.(FD f 2r) = P^K2, where r is the radius of the 

[ I J moon. 

y ^ J t;)r, FD.2rr FK^ approximately, since FD 
is small compared with r. Therefore 

^ 2 r BinZfl • 


Fig. 10.8b 


( 10 . 8 ) 
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Examples worked out 


1. If ft) and o)'be the angular velodlties of the moon about 
the earth, and of the earth about the sun, in orbits supposed 
circular, and if < be the moon’s greatest elongation from the 
earth as it might be seen from the sun, show that the times 

between the successive greatest elongations are alternately — 


and 


7i-jr2< 


Since the angular velocity of the earth round the sun 
ifa G)Uhe apparent angular velocity of the suil as seen from 
the earth is also=ft/ in tl^same sense. Now the actual angular 
velocity of the moon== a>. Eelative to the sun the angular 
velocity of the moon is to-o/. Hence the time to describe < 
(the greatest elongation) relative to the sun 




^.2< 
2(a)-ft)' j 


^time required to describe double the angle, i,e, the time 

from the position of one greatest elongation to the other is = 

* ^ 

Similarly the other interval canbe found out. 

2(ft)-ft)’) 


2. If at a particular place the moon is in her first quarter 
on the 21st March, show that she will be on the meridian at 
6 P.M. Show further that the time during which the moon re- 
mains above the horizon on that day is equal to the length of the 
mid-summer day at the place. (Assume the path of the moon 
tf be coincident with the ecliptic and neglect her shift relative 
to the sun). 

Since the moon is in her first quarter she will be to the 
east of the sun at an angular distance of 90^. The R.A. of the 
moon is therefore 90^. Hence when the moon is on the meridian 
the sun will be at the west point. But on the 21st March the 
sun is at the west point at 6 P.M. So the moon is on the meri- 
dian at 6 P.M. The declination of the moon is obviously 28*^ 28'; 
for ijhe great circle joining the meridian position of the moon 
and the west point is the ecliptic and the angular height of the 
moon’s meridian position above the equator is the angle between , 
the equator and the ecliptic. /. the diurnal cSrcle of the moon is 
the same as that of the mid-summer sun. The length of time 
the moon is above** the horizon is thus == the length of ifce mid- 
summer day at the place. 
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Exercise 10 

1. Show that if the aiuy were only twice as» distant as the gioon and 
the moon's synodic period were 30 days, the moon will be dichoto- 
mized only 5 days after new moon. 

2. If the moon be dichotomized on tfic 21st March and her ascend uig 
node coincides with the first point of Aries, what will be her 
meridian zenith distance on the day? 

3. If the reflecting power of the surface of tiie earth be n times 
that of the moon, find how many times stronger earth-light will 
be to an observer on the moon than moon-light to an observer 
on the earth (i) when either body appears full to the other, 
(ii) simultaneously at any particular time. 

4. At a place of north latitude 45^, at what angle does the ecliptic 
cut the horizon at sun-set on the 23rd September? At what 
angle at sun set six montlis later ? ^ 

5. Calculate the number of degrees t^ie nodes of the moon’s orbit 
shift backwards in a year. 

6. At latitude 66^32' north, show that the retardation of the moon, 
if full, will bo nil on the 23rd September, assuming the moon’s 
path .(o be coincident with the ecliptic. 

7. Show that the height of a mountain on the surface of the moon 
On miles is approximately 537m2 cosecSe, where m is the observed 

distance of the bright summit measured periiendicular to the line 
joining the horns in terms of the radius of the moon, and e is 
the moon’s elongation. (Take the moon’s diameter 2148 miles). * 

8. Find thV lowest latitude at which it is possible to have a circum- 
polar moon. 

9. • If the maximum and minimum apparent diameters of the moon are 

33' 35'' and 29' 21" respectively find the eccontricity of the orbit 
of the moon. 



1 1 DI UKNAL PAB ALLAX 


11.1 Definition (l"hp diurnal or Geocentric parallax ot a 
celestial bod^^ is the angle subtended at it b\ the stiaiglit line 
joining the position of the 
observer to the earth's 
centre^ 

We shall take the eaith 
to be a sphere In Fig 
11 1, 0 IS the centre of the 
earth, A the observer and 
M the celestial body. The 
diurnal parallax oi 
^OMA = p, say. Produce OA 
to Z : Then / ZAM = z is 
the Z D. of M Let OAp 
the radius of the earth, be 
r; and MO, the distance of 
M from the earth’s centre 1 

be d Then from the 

r OA sin p sm p 

triangle 0AM ^ “ gin / 

Therefore bin - sin / ... (11.1a) 

d 

In ail} practical case p is small, hence if it be m radians, 

p=-- sm / appioximately (11 lb) 

d 

The maximum \alue of p, say p„, is gnen by 

P.= | . (ll-lo) 

( since the maximum value of sm z is 1 when z is equal to 90®. 
The body is then on the horizon and Po is called the horizontal 
parallax In terms of horizontal parallax, 

p = p^ sin z ... ... . . (11. Id) 

i e ,Oihe^^ocentnp jarallax^jjf. A^hqgXqnly^body varies as^t^e 
§11^, of itsTapp/irePt zenith .diataa^ 

It will be seen from equation (11 Ic) that the distance of 
a celdstiai body from the centre of the earth can be found if 
the horizontal parallax be known; for the radius of the earth 
can be found by the methods of sec. 3 2. Since z = p+ /JZOM., 
the observed Z.D. is greater than the geo-ce-atrio Z.D. by. the 
angle p, and the displacement takes place on the vertical 
through the body. On account of the similarity between the 
effects of Befraction and Diurnal parallax it is instructive to 
compare them in detail. 
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Poinla of aunilarity : 

(1) Both refraction and diurnal paiallax do not affect 

the aziinufh of a body. 

(2) Both the effects are maximum when a body is on 

the horizon. • 

Points of Difference : 

(1) Diurnal parallax increases the Z.D of a body but 

i-efruction decreases it. 

(2) Diurnal parallax of a body depends on its distance 

from the earth, while refraction is independent of it 

(3) The equation p = Po sin z is hue for all ZD.’s but 

r=,k tan z is true for Z.D.*s upto aiboid 70^. 

^ '11.2. The horizontal parallax (and hence the distance from 

the earth's centre) of the moon, our* nearest neighbour, can be 
found as follows : y i— 

Let the circle, oentre O, (Fig. It. 2) represent a meridian of 
the earth,. A and B be two observers stationed on the meridian 
and M the position of the moon when in the plane AOB i e., 
on tft common celestial meridian of both the observers. Let 
z = Z.D. and p = the parallax of M at A, 
z' = Z.D. and p' = the parallax of M at B, 
and Po = the horizontal parallax of M. 

Then p = Po sin z and p' = Po sni ?/ 

Therefore p + p' = Po (‘^in z-i-sin z') 





(11.2a) 

z and ?/ can be observed ; p^ will therefore be known if we can 
find p + p^ 
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In the quadrUateral OAMB, ^ 0AM and ^OBM are 18 () 0-2 
and 180®-2' respectively. Let the latitudes, north and south, 
of A and B respectively be q> and q>\ sThen ^ AOBsf^ + q>. 
The remaining angle of the quadrilateral ^ AMB is therefore 

=- 3600 - ( 180 ° - 2 + 1800 - 7 / + 9, + y ') 

i.e. p + f' = z+z'- qi- q,' 


. p z + y/ -y— y' 

' ‘ ‘^in z + sin z' 

substituting for p + p' in equation (13.2a). 


(l].2b> 


An alternative procediire to get p + p' which does not neces- 
sitate accurate determination of the latitudes and the Z.D.’s 
is the following. Observe the angular distance!^ of the moon 
from a very close star orfjbhe meridian from the two stations 
A and B ; let them be < and The star being infinite!} dis- 
tant, its directions from A and B are parallel. Draw a third 
straight* line parallel to them through M It easily follows that 
in situation represented in the figure, p-f p' - < + /? . Hence 


Po = 


<+ 

sin z f sin z' 


(».2c> 


To jestimate the effect on^p^, of the errors of measurement of 
<, i5,z, 7 /, differentiate the equation (11.2c); 

ap = ^ djg (xf ^)cosz(fz 

sin z + sin z' sin z + sin z''"~(sin z-\-^\r\7y 
{<+P) coszM// 

(sin z + sin z')2 

d^, Apj dz, dz', may be looked upon as the errors of measure- 
ment. The effect of d^c and dp on dp^ will be minimized 
when the denominator sin z + sin z' is as large as possible i.e., 
when z and z' are both as nearly OOP as possible. The same 
condition minimizes the effect of the errors dz and dz' in a 
double way; for the condition makes not only the denominators 
large but also the numerators small. The latter are moreover 
multiplied by the small quantity ( K+P). Hence errors in z 
and z', under this condition, have little effect on the value 
of Pq. In other words, the best results are obtained by stationing 
the observers as far north and south respectively as possible. 


Instead of stationing two observers at two different places, 
the cAoon may be observed at rising and setting by the same 
observer; the diurnal displacement of the observer will then 
form the base line for calculation of the mogn’s parallax. 


The average horizontal parallax of the moon is 57' 2". 
11.8. The suifs horizontal is ^ fundomental 

quantity in Astronomy; for the sun’s distance is the basis of 
calculation of astronomical distances. The method of the pre- 
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viou^ section iiowever is not available for determination of solar 
parallax. Equation (11.2c) obviously cc^nnot be employed as 
no star in the vicinity «of the sun is visible. Equation (11.2b) 
involves quantities errors of whose measurement may easily be 
too large compared with solar parallax itself. But indirect 
geometrical methods are available for the purpose besides 
methods based on dynamical and physical considerations. Eirst 
we consider geometrical methods. 

(1) Solar parallax by the parallax of Mara in opposition: 

1'he orbits of the earth and planets can be mapped to scale 

by Kepler's method. The actual distances in miles can there- 
fore be found when one of the distances on the map is known. 

Su])pose S5 E, M, are the sun, the earth and 
Mars in opposition (Pig. 11.3a). Mars being now 
quite close to flio earth, its diurnal *parallax becomes 
appreciable and can be obtained by the method of the 
previous section. The distance EM therefore becomes 
known. Let ES-r and MS = r'; then r/r' is known, 
since orbits of the earth and Mars can be drawn to 
scale® Also r' — r (i.e. EM) becomes known from the 
observed parallax of Mars. Hence r, the distance of 
the sun from the earth, can be solved from the two 
equations. Fig. 11.3a 

Some of the asteroids which come closer to the earth at 
oppotiition may be employed with greater advantage. 

(2) Solar parallax by the transit of Venus : 

The orbit of Venus is inclined to the orbit of the earth. 
Hence the sun, Venus and the earth are not exactly in 0 straight 
line at every inferior conjunction. But when the conjunction 
takes place at or near a node (see definition in SEO. 10.4) the 
three bodies are practically in a straight line. Consequently 
Venus is seen projected on the disc of the sun as a dark spot, 
moving across on account of Venus’ relative motion. The phe- 
nomenon is known as the transit of Venus. 

The periodic time of Venus is 224.7 days. Now, 

8 x 365.24 = 2922 nearly; also, 

13 x 224.7 = 2921 nearly. 

Hence if a transit of Venus takes place at or near a node, 
another is likely to take place 8 years after; for both the earth 
and Venus will return to the same point (i.e, a point neafr the 
node) of their respective orbits. A third transit will not, how- 
ever occur after another 8 years; on account of the difference 
o^ a day between 8 years and 13 complete revolutions of yenus, 
the coniunction will happen too far away from the node. But, 
235x365.24 = 85835 nearly, and 
382x224.7 =85835 nearly. 
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Hence transit at a node will recur at intervals of 235 years. 
These rare occasions have been availed of for observations 
leading to solar parallax. But it is now^held that the accuracy 
of the result is not as high as with other methods. 


(a) jyelisWa method : 

' Por simplicity of explanation, we 
shall consider the orbit of Venus to 
be in the plane of the earth’s equator. 
The earth's equator is represented by 
the circle, centre O (Fig. 11.3b). 
Station two observers A and B on the 
equator as far apart possible. Let 
I each note the instant of internal 
contact of Venus with the sun's disc, 
the respective positions of Venus 
)/eing Vj and Vj relative to the sun 
and the earth Then AV^S and BVjS 
are tangents to the sun/ VjV^ is 
the aic described by Venus r^tive 
to tlie earth in the interval between 
the two contacts. Since the synodic 
period of Venus is known, the angle 
ASB, gained by Venus over the earth 
m the interval, can be calculated. 
This angle, it will be noticed, io the 
sum of the parallaxes of the sun 
from A and B. Thus p + p' of equa- 
tion (11.2a) is known and* z and z' the zenith distances of the 
Qun at A and B at the two instants can be observed. Hence 
the parallax of the sun is obtained from equation (11.2a). 

It should be remarked that A and B are not simultaneous 
positions of the observers, but positions they occupy at the 
instants of -observation. Allowance on account of diurnal 
motion of the earth should therefore be made in the calculation. 




In Fig. 11. Sc, the circle, centre O, represents a meridian 
of the earth; the oval curve cdba represente the disc of tho 
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suu perpendicular to the pluiui of the paper; and A and B are 
t\vo observers on the meridian as tar apart as possible. V 
Venus and the curve fnrough V represents a portion of its path 
whose plane is nearly perpendicular to the plane of the paper. 

As it moves, Venus is seen by the observers A and^B as a 
dark spot describing the chords ab and cd respectively on the 
disc of the sun Each observer notes the duration ot transit 
from which the angular values of the chords are obtained as 
follow s : 


Let S and E (Fig. 11 J3d) 
represent the sun and the 
earth. Eelatively to them 
Venus V moves in the direc- c. 
tion VV^ Let SVE be a /d ^ 3 

straight line. The rate of des- Fig. 113d 

ijription of the angle VSV' is 

2^/T per unit time, where T is the synodic period of Venus 
Let ^SEV'= 9 ) and /i VSV' = 0, where V and V' are the 
relative positions at the beginning and end of a small interval 

Prom the triangle SEV' , 

sinv ^V 



0 r' — r 

or assuming the angles to be small— ^ *= — - — 

where r is the distance of Venus from the sun = 7 units say; and 
r' 19 the distance of the earth from the sun = 10 units approxi- 


.1 mx ^ £ A9> r d® 7 

mately. Therefore, x ^ ^ 

= 4" per minute approximately .. (11.3a) 

{T = 584 days) 

As one minute of time can be observed with a smaller per- 
centage of error than four seconds of arc, the measures of the 
chords are more reliably obtained by noting the durations of 
transit. 

Suppose gef (Fig. 11.3c) is the radius of the sun perpendi- 
cular to the parallel chords ab and cd seen to be described by 
tile dark spot from A and B. The measure of the arc ef is 
easily obtained from the right angled triangles gbe and gdf 
The measure of ef in miles is obtained from the similar triangles 
ABV and efV. We have * 


ef ^ eV 2. 

AB AV " 3 

Therefore, ef=(7/8) AB ... ... ... ('ll. 3b) 

AB in pailes can be calculated from the positions of the observers. 
Hence ef in miles is found from equation (11.8b). Also the angle 
subtended by ef at the earth has been calculated. The distance 
and so the parallaif of the sun therefore easily follow. 
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There are comparative advantages and disadvantages of both 
Delisle’s and Hallej methods. Since they are inferior to other 
methods, we shall not enter into a discus'dion about them. 

(3) Dynamical vieihodn of obtaining solar parallax make 
use of perturbations of the moon by the sun or of Venus by the 
earth The explanations are beyond our scope. It should 
however be remarked that they are capable of yielding very 
accurate results. Le Verrier (French astronomer : 1811-77) who 
developed the method was so sure of it that he took no interest 
in the transit observations of Venus of his time. 

(4) Solar Parallax from the constant of Aberration : 

We have made a passing refeieiice to aberration of stars in 
SEC. 7.2. It is shown in- sec 14.1 that if k be the maximum 
displacement of a star due to aben*ation, measured in radians, 

ot=v/V ... ... ... ... (11.3c) 

where v is the velocit^ of 'the earth in its orbit, and -V is the 
velocity of light. 

The maximum displacement of a star due to aberration, 
can be observed and V h«is been measured ‘by lab(OTtory 
methods, v therefore follows. Since the period of a complete 
revolution of the earth round the sun, namely the year, is 
known, the circumference of the orbit and hence its radius 
is obtained. 

(5) Sola*^ Parallax by the Spectroscopic method: 

It has been mentioned in sec. 7 2 that dark lines in the 
spectrum of a star situated along the direction of motion of the 
earth shift towards the violet end on account of Doppler effect 
The measurement of the shift yields the volocity of the earth 
with accuracy. Hence the circumference and so the radius of 
of the earth's orbit are obtained. 

Diflferent methods give results in fair agreement with one 
another; solar parallax is now considered to be 8" 8. The dis- 
tance of the sun from the earth is therefore known; and its 
radius in miles, volume, mass and average density can be 
deduced. 


Ewmple Worked out 

If the observed Z.D's, and z,, of two celestial bodies be 
also tbeir true geo-centric Z.D.’s show that 

p^cos Zj^pgCosz,, w'here Pj and p^ are the horizontal 
parallaxes of the Ifodies. 
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Let 0 be the centre of the earth, A be an observer and M the 
true position of a body (Fig. 11.1). Let M be seen in the direc- 
tion AM' (M' is not ahown in the figure) so that ^M'AZ = Zj, 
By tlie condition of the problem z, ^ / AOM 

AM' is parallel to OM 
Hence ^ M'AMr:: /.OMA 

/ r tan x,-=p^ sin Zj. (Since M'AM ana 

^ OMA are respec- 
tively the corrections 
for refraction and 
parallax of the body.) 

) e., r-pjcos Zy . 

Similarly for the other body 
r - p cos z« 

Hence 

p,eoK z^^p^oos z^. 


Exercise 11 

1. The mo(Vi*e hoiizontal parallax is 57'. What is the angular diameter 
of the earth as soon from the moon? 

2. ^The moon’s horizontal parallax is 67' and its angular diameter 32'. 
‘Compare the ladii of the moon and the e.irth. 

3. Find the distance of the sun, given that the coefficient of aberration 
(i.e. maximum aberration) is and the velocity of light is 1,86,000 
miles per second. (Log table may be used.) 

4. The sun’s parallax is 8'^2 and his angular diameter 32'. Find his 
iliamoter in raijes. (Take the radius of tno earth to be 4,000 miles.) 

5. If be the horizontal parallax of a celestial body and be the 
coefficient of refraction, what observed zenith distance of the body 
will not need any correction for refraction and for reduction to the 
centre of the earth? 

6. An observer on the equator of the earth finds the diurnal path of 

the moon to be the prime vertical. If the angular distance of the 

moon’s centre from a neighbouring star be a (west) at rising and 
b (east) at setting, and if the moon moves through an angle c in the 
meantime, show that her horizontal parallax ■■( a -f-b-|-c)/2. 

7. Calculate the duration of the transit of Venus if central. (Take 
distances according to Bode’s law.) 

8. Calculate the ratio of the average density of the sun to thattof the 

earth. (See £x. 1, Exercise 8. your calculation on the 

result of the example. Log. table may be used). 

9. Assuming the darth to be spherical, show that parallax increases the 
apparent semi-diameter of the moon in the ratio sin z : 8in(z-D), where 
z is the apparent zenith distance of the moon’s centre and p is the angle 
suBlended at the moon by the observer and the earth’s centre. 



12. E CLIPSE S 

12.1^ unar eclipse is caused by the shadow of the earth 
cast byl^e'sun, falling upon the moon’s disc. Since the moon 
ibbines by sun-light the portion of the disc on which the 8 had 9 W 
falls does^not shine and is therefore obscured to all observers. 
The same* phase of the eclipse is visible to all observers on the 
earth. 

4 @olar eclipse is caused by the moon intervening between the 
obsei'Aer and the sun. The sun is self-luminous; the portion of 
his disc which will be hidden by the moon depends on the posi- 
tion of the ob6er\'er. The phase observed of a solar eclipse is 
thus different at different stations of the earth; a solar eclipse 
may be visible at one point of the earth but not at another; it 
may be full at once place but only partial at another,' 

If the orbit of the mobp were in the plane of the ecliptic, 
there would have been a solar eclipse at every new moon and a 
lunar at every full moon; for then the sun, the moon and the 
earth would be in a straigh# line at both the new and the full 
moon ; the moon would be between the earth and . the sun 
in the first case, and the earth between the sun and the moon 
ill the second case. The moon’s orbit however is inclin# to 
the ecliptic and so ordinarily the three bodies are not in a straight 
]ine»at new or full moons i.e., when the longitudes of the sun 
and the moon are either 6qual or differ by 180*. 8g an eclipse 
does not take i^lace at every new or full moon. 

In the next section, we investigate the conditions for a lijjiar 
Aiclipse and further on those for a solar eclipse. 

12.2. Let the circles, ^^lth centres S, E and M, represent 
the sun, the earth and the moon (Fig. 12.2). JJraw direct 



Fig. 12.2 

common tangents to the earth and the sun, to foim a cone with 
\ertex V. The portion of the cone beyond the earth is called 
umbra; the sun is completely invisible from any point in it. 
Similarly, the portion of the cone formed by transverse tangents 
(shown by dotted lines in the figure) beyond the earth and not 
includ^ in the umbra is called penumbra i part only of the sun 
is visible from any point in it. 

When the moon enters the pfenumbra, there is a diminution 
of brightness hardly perceptible ; but when she Alters the umbra, 
its couteur is perceptible on her disc and a lunar eclipse js said 
to happen. The contour, w’hen seen through a telescope, as not 
however sharply ddfined on account of penetration of light by 
refraction through the earth’s atmosphere. 
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The condition for the beginning of a partial lunar eclipse is 
that the moon should touch tlie umbral cone externally. Condi- 
tion for the beginning ^f a total lunar eclipse is that she fehould 
touch the cone internally. 

Let A, B, C be the points of contact of the umbral cone 
with the sun, the earth, and the moon respectively. Join 
EA, EC, EV. In the triangle AEV, 

the exterior angle AES = rB, the angular radius of the sun; 
the interior angle EAV = Pb, the horizontal parallax of the 
sun, since it is subtended at the sun by a radius 
of tne earth. 

Therefore the angle BVE = ra — Pi,. 

Again in the triangle EVC, 

the exterior angle BCE=Pa„ the horizontal parallax of the 
moon, being subtended at the moon by a radius 
of the earth. 

Tliciefore, the angular radius of the shadow from the earth’s 
centre 

= zCEV= ^BCE- zBVE 

< > =Pm~(i*H-PH)=Pm + Ps-r, ... (I2.2a> 

l?rom practical observation it has been found that the 
shadow should be considered wider by about 2 per cent on 
account of the opaqueness of the earth's atmosphere. Taking 
this corrcctfon into account, the condition for a partial lunar 
eclipse is that the angular distance between the centres of the 
moon and the shadow should be equal to or less than 

2o(Pm + P.-r.) + r„ ... ... (12.2b) 

where r„, is the angular radius of the moon; the condition for a 
total lunar eclipse is that the distance between the centres should 
be equal to or less than 

5-o(P»>+P«-*‘.) “>■<>> ••• ••• (12.^c> 

Taking p„,=57', Pb= 9" and rg = 16' the expression 

^J(p,n+P8— Tg) is very nearly 42'. This indicates (eqn. 12.2a) 
the angular radius of the shadow at the moon's distance. 

: The greatest distance of the centre of the 
earth’s shadow from the node of the moon's orbit (which is the 
same as the distance of the centre of the sun from the opposite 
node), so that a lunar eclipse may happen is called the Jjunar 
enlipUo limit . 

The maximum angular distance between the centres of the 
shadow and the moon, so- that a lunar eclipse may 
happen has been ^ found above. The inclination of the orbit of 
the moon to the ecliptic as well as the rates of motion of the 
sun apd the moon in, their paths is known. From these the 
lunar ecliptic limit defined above can be calculated. As the 
various quantities involved are not constants, there are a maxi* 
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i 3 ium*and a minimum value of the limit. The maximum value 
“is called the Major ecliptic limit, the minimum the Minor eclip- 
tic limit. They are 12* 15' and 9* 30i respectively. 

12 . 3 . From the table of position of the sun, if he is 
found, at a full moon, to be within the major ecliptic limit, 
there is probability, and if within the minor ecliptic limit, 
certainty, of a lunar eclipse. 

* /Calculation of a lunar eclipse may be carried out as 
follows : 

Draw a straight line ViiiiinoSni.^ on a graph paper to re- 
present the ecliptic; and let S and M be the centres of the 
shadow and the moon at conjunction; MS is periiendicular to 
the ecliptic and equal to the latitude of the moon at conjunction. 
Now constnict the path o? Jbhe moon relative to the shadow thus; 
Take V on the ccHptic such that SV : S^I = the rate of the 
lelative motion of the moon in longitude; the rate of her relative 
motion m latitude. • 



Let the arrow-head mark the direction of the motion of the 
moon relative to the shadow. Note the time of conjunction at 
S. Since the rate of relative motion of the moon in longitude 
is known, a scale of time can be set down on the straight line VS. 

Now with centre S and radius equal to the sum of the radii 
of the shadow and the moon draw an arc to cut VM at Mx and 
Ms* • These are the positions of the moon on her relative path 
at the beginning and the end of the eclipse. The correspond- 
ing times can be read at- their projections ntx and in 2 ou the 
felraighjb line VS, from the scale already laid down. Draw SM® 
perpendicular to VM; then M^ is the position* of the rdoon on 
the relative path at the middle of the eclipse ; the corresponding 
time is read at its projection m^ on the scalc^ 
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• Other details, for example, the times of beginning and end 
of totality ot the eclipse, or it the eclipse be partial, the extent 
of the ec]ip-.e, can be wmilarly calculated. 

12 . 4 . Calculation of solar eclipse is complicated, on 
account of the fact that the same aspect of the eclipsg is not 
observed at all places. Wc shall content ourselves with the 
calculation of the angle between the centres of the snn and the 
moon, as would be observed from tbo earth s centre, so that 
an eclipse may hai^pcn at sonic place of the earth. 



Fig. r>.4 


OiCt llie circles, with centres S and M, re[)resent the sun 
ajid the moon; and tho circles with centres E^. E^. P- different 

positions of the earth (Fig. 12.4). The arrow-head shows the 
dir(‘('tion of'inotion of the moon relative to the sun and the earth. 
To consider conditions for 2 )artial solar eclipses, construct the 
penrumbral cone of shadow by drawing transverse tangents to 

the sun and tbe moon. Let the earth in the position touch the 
cone at Cl so that the moon is between the earth and the sun. 
A partial solar ccliiise is just to happen at the i)ointCi of the 
eartlFs surface; for the discs of the sun and the moon are just 
in external contact as seen from the point Ci. Join EiS, EJA^ 
EiB. Consider the traiangle ABiB } 

LAEiB = LCiBEi-LCiAEi 

=Pm-Ps» where p^ and p^ are the parallaxes of the 
moon and the sun respectively. 

LAEiS =rg, the angular radius of the sun, as seen from tlie 
earth’s centre. 

Hence, L SE i B = p„, - p, + r^. 

So when a partial solar eplipse is about to happen at some 
place on the eart^i’s surface, the distance between the centres of 
the sun and the moon (as seen from the earth’s centre) 

^ . <=Pm-p. + rg + r„, ... ... * (12.4a) 

where r„, is the angular radius of the moon (as seen from the 
earth's centre). 
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To consider conditions for total or annular solar eclipse, 
construct tlie uuibral cone of shadow of the moon, of which let V' 
be the vertex. The relative distances the three bodies vary in 
such a way that the earth may touch the cone at times bctweeti 
the moon and the vertex V' and at times beyond V'. From any 
point of the umbral cone, beh\een ihe \{Ttex and the moon, thv‘ 
sun \Aill he found completely liidden ; while from a point on and 
inside th: cone and he\ond the \eitex, onlv the central portion 
is obser\ed hidihii. Tiiis can he \eriiied by drawin^r tan^>enis to 
the moon from .i point in the umbia betweui V' and M and 
from a ijoiut biwond V'. 

Suppose the eaith in the position touches the nmbrul 
cone at the point C'o between V' and M. Join EE ,j, and BE .j, 

ZDEoB=zC^aBK i-/C.^DE2 =p,,-p« 

Hence llie anple between the^ centres of the sun and the moon 
(as sciui fiom the earlli’s centre) so that a total solar eclipse. 
ma} happen at sovie place on the earth is equal to 



Su])pose the earth m the position E, touches the umbral 
cone at be^olld V'; int that ABT'^ is a common tangent to 
the sun, the moon and the earth, touching them at A, B' and 
C, respectively. Join AEj and B'E^. 

Z AE,B'= zC3B'E3- ZC3AE, = p„.-p, 

The uj gk* betw'eeii the centres of the sun and the moon (as seen 
from the earth's centre) so that an annular solar eclipse may 
happen at sowzr place on the earth is 

Pm— iV+r.— ... ... ... (12.4c) 

Defintiion: The maximum distance of the suns centre from the 
node ot the moon's orlnt, so that a (partial) solar eclipse can 
just take place at some position on the earth's surface, is called 
the solar ecliptic limit/ 

Tlie maximum value possible of the limit is called the major 
and tlie minimum value possible, the minor, solar ecliptic ‘ 
limits. At a new moon, if the sun be within the major solar 
ecliptic limit, there may or may not be any solar eclipse; but if 
the sdui be w’ithin the minor solar ecliptic limit, an eclipse must 
occur at some place ou the earth ; of coui’se it wull not be visible 
at all i^laces. 

Th » major and the minor solar ecJipticJimits can be calcu- 
lated, as in the caae^of the lunar limits, by taking suitable valuea 
of the constanis. They are found to be 18 and 15 
respectively. 
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maximum and minimum numbers of eclipses 
possible In a year can be calcubited as follows The necessary 
data are the follow ing.o 

Lunar ecliptic limits: ma]or 12®, minor 9®J (sb^. 12.2) 

Solar ecliptic limits, maior 18®^, minor 1/)*^ (sec^ 12 4) 

Aic described by the sun on the ecliptic relati^e to the 

. 1 . 1 X. 060^x291 

moon s node, in a lunation = — = oO nearly (since 

ihe period of a synodic i evolution of the node is 346.6 days 
ap 2 )roximately). 

Time the sun takes to go from one node to another 

. =173 days ... (sEC. 10.2) 

Time of six lunations = 29^ x 6 days 

= 177 days^ ... (sec. 10 2) 

Let the circle (Fig. 12.5) repicsent the ecliptic. N,n are 
the nodes, L,T/ and 1,1' maik the h*.iar ecliptic limit’s on either 
side of the nodes. Similarly S,S' and s,s' mark the solar ecliptic 
limits. 

V^To find the least number of 
(clipses possible in a year, iniior 
ecliptic limits should be taken. 

The arc described by the sun 
relative to the node in a lunation 
is 30®^. But LT/=H'=19®. 
Hence there may not be a full 
moon duiing the passage of the 
sun thiough TjL' or IV; no lunar 
eclip'^e mav therefore happen. But 
SS' = ss' = 31®. So there will be 
at least one new moon during the 
passage of the sun through SS' or 
ss'. Hence a solar eclipse must 
occur during the^ passage of the 
sun through them. 

The least number of eclipses in a year is thus two, both of 
the ^n. 

^To find the greatest number of eclipses in a year, *major 
ecliptic limits must be taken. So now LL'=K'=24®; 
SS'=ss'=87®. To secure the occurrence ol the raaximtim 
number of eclipses while the sun describes BS' suppose there is a 
iull indbn, when the sun is at m^^, Uvo days before he reaches the 
node N. A lunar eclipse takes place, for obviously the sun is 



I 
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within the luna» ecliptic limits. Half a lunation earlier there will 
be a new moon and the sun will be at such that 

IS about 2® ; for the sun describes about 1® with respect* to 
the node in a day (30® s in 29^ days). So Nsj =17® nearly which 
is well within the solar ecliptic limit. There will therefore be a 
solar eclipse. Half a lunation after the sun has been at he 
will be at where =15® — ^2® = 18® nearly, and another solar 

eclipse takes place. 

Six lunations altei the sun has been at , he will be at 

having crossed the oi)posite node n two days earlier; there will 
now be a full moon and .a lunar eclipse takes place. From 
considerations simihir to th^se given previously, we should find 
that there will be solar eclipses half a lunation earlier and half 
a lunation later when the sup is at Sg and s^ respectively. 

Six lunations after the sun has been at m , he will be at 

lUg, having passed the node N six daVs earlier. Nnig is jj^ere- 
fore about 6® and therefore there will be a lunar eclipse. Half 
u lunation earlier from the position mg, the* sun is at s^; the 
moOn is new and the sun, is well within the solar ecliptic limit; 
there is therefore a solar eclipse. ' 

Starting from the position Sj of thb sun and ending aLthe 

position lUg, the interval is 12^ lunations i.e. 368 days; and w'e 
have counted 8 eclipses, 5 of the sun and 3 of the moon. The 
period is a little over one year; so in counting the number of 
eclipses in a year we must exclude either the first which is solur 
or the last which is lunar. 

Thus the greatest, number of eclipses ip a year is seven ; 
either 5 solar and 2 lunar, or 4 solar and 3 lunar. 

lSb6. We conclude our account of eclipses with the expla- 
nation of an interesting x)eriod known as the Saros discovered in 
pre-historic time by the Chaldeans. 

19x346.6 days =6585 days nearly 
228x29.5 days = 6585 days nearly. 

19 revolutions of the sun with respect to the moon's 
nodes occupy the same period as 228 lunations. The period is 18 
years 11 days if there be four leap years or 18 years 10 days if 
there be five. After this period, the sun and«the moon return 
to the same positions with respect to the nodes; and conse- 
quently® eclipses recur in the same order. On account however, 
of a small difference^ between the^two periods the character of the 
corresponding eclipses, particularly solar, at the same place niay 
no{^ be exactly the same. 
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Eiample Worked Out 

Show that the maximum duration of a lunar eclipse is 
roughly 3 hr. 42 m. Show also that the longest interval during 
A\hich a lunar eclipse may be total i§ about 1 hr. 48 m. (Take 
Pb= 9", r„ = LV and r,= 16'). 


From equation (12.2b) we find that for a lunar eclipse the 
angle between the centres of the moon and the shadow is less 
than or equal to .57'. Hence the time taken by the moon to 
describe 114' (=2x.57') will give the maximum duration of a 
lunar eclipse. Now relative to the direction of the sun the moon 
describes 360® in 29^ days. Therefore the time taken by her to 

114 

describe days=3 hr. 42 m. nearly. 


For total lunar eclipse angle between the centres of the moon 
and the shadow is less than or equal tp 27' (Kqn. 12.2c). There- 
fore the time taken by the moon to describe .54' (=2 x27') gives 
the maximum duration of a total lunar ecli])se. But the time 


required to describe 54' = ^^x>l 

360 60 


days=il hr. 48 m. nearl;v. 


Exercise 12 

1 Find tlie moonS greatest di'^tance in miles from the plane of the 
ecliptic when she is 240,000 miles from the earth. 

(Take the inclination of the orbit of the moon to the ecliptic to be 

5 ° and 7 r= - 7 -) 

2. Find the speed of the moon in her orbit in miles pei second. 
Supposing the moon to be at the zenith of an observer at the 
equator, what is her speed relative to the earth in miles per 
second? (Distance of the moon- 60x4000 miles. Her sidereal 
peiiod = 27i days). 

3. Find the angular diameter of the shadow cast by the earth at the 
moon’s distance. 

4. If R and r be the radii of the sun and the moon and D and d be 
their distances from the earth, show that the breadth of the moon's 

shadow on the earth where it falls perpendicularly 

D— d 

5. The shadow of the moon falls perpendicularly at a point on the 
earth’s equator. Calculate the speed of the shadow in miles per 
hour, given that radius of the earths:: 4000 miles, radiui;, of the 
^moon’s orbit =230000 miles, distance of the sun from the earth’s 
centre =93000000 miles, lunation =30 days. 



13. TIME 

13 . 1 . One kind of time, namely sidereal time, has been 
defiiif?d in SEO. 5 . 1 . It is regulated by thg uniform diurnal motion 
of the First point of Aries. Sidereal time however is unsuitable 
for use in everyday life ; foi it may be the same hour by the side- 
real clock at widely different times of the day. For instance, it will 
be 0 hr. 0 min. 0 sec. at noon on the 21st. March, in the morning 
on the 21st. June, at midnight on the 23rd. September, and in 
the altenioon on tlie 21st. December. Time to be convenient for 
use in everyday life must be more or less regulated by the sun. 

Definition: The hour angle of the sun reduced to time on 
the basis that 24 hours is equivalent to 300® is culled the 
appannt solar time. 

Apparent solar time however would be somewhat iinscieutN 
fic. For the diurnal motion of the sun is not strictly uniform 
and the solar day (/.e., the interval between two successive 
transits of the sun) 1*5 not constant on account of two reasons: 

(1) Kccdttricity of the sun’s orbit, due to which the sun 
moves quicker at perigee and slower at apogee and generally 
at a non-unitoiin rate; 

(2) Oblujuit;^ of the ecliptic to the equator, on account 
of wliich even if the sun moved uniformly on the ecliptic, his 
succec‘^ivo transits woukk-not be at equal intervals. 

The cftcct of Eccoiitricity and Obliquity of the sun’s orbit 
will be analysed in the following section; but it will be realised 
even without the anal^ysH that the sun himself is not entirely 
suitable lor the regulation of time. So the following plan is 
adopted. 

Let A 7 Q be the ecliptic and 
7MNS jQ j the equator, and A the 
perigee (Fig. 13.1). Let be an 

imaginary ])oiut which starts from A 
with the feun, moves uniformly and 
lias the same period as the sun. 

When Mj arrives at? let a second 
imagiflaiy point M start on the 

equator from 7 with the same uni- Fig. 13.1 

form motion. Diurnal motion of M will be strictly uniform; 
moreoj^er it is never very much away from the sun. It is 
therefore entirely suitable for the regulation of time for everyday 
life. 

Time regulated by the fictitious point, M, defined above, is 
called file Mea7i solar time; and the point itself is calj^d the 

mean sun. To distiftguish fmra M sometimes Mj is called 

thf Dynamical Mean 8u7i and M the Astronomical Mean Sun. 
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13 . 2 . The difference between apparent solar time and mean 
solar lime iss always small and as detiiied below is known as the 
c(jiicition of time. Eci^ation of time is thus an iutcvviil of time 
aii*d is not an equation in the ordinary sense. 

J]qiiation of time is usually defined as follows: 

Mean solar time = Apparent solar time + Equation of 
time ... (1^3 .2a) 

1 he equation of time is therefore positive or negative accord- 
ing to whether something is to be added to or subtracted from 
the apparent solar time in order to give mean solar time. 
Obviously the equation (13.2a) is equivalent to the following: 

Hour angle of the mean sun = Hour angle of the true sun 

+ Equation of time (Hour angles being measured in time) 

... (13.2b) 

Equation (13.2b) can be put in a little different form tlius: 

Hour angle of the Mean Sun = Sidereal time 

-E. A. of the Mean Sun. 

Hour angle of the True Sun = Sidereal time 

-K. A. of the True Sun. 

Hence the equation (13.2b) reduces to 

E A. of the true Sun = E. A. of the Mean Sun 

+ Equation of time ... (13.2c) 

Eecently the nautical almanacs have adopted the following 
definition : 

Hour angle of the sun = Hour* angle of the mean sun 

+ Equation of time (Hour angles being measured in time) 

... (13.2d) 

The equation of time so defined is the negative of that 
defined by the equations (13.2a) or (13.2b). In the following 
pages we shall adopt the older definition given by the equations 
(13.2a) or (13.2b). 

In Fig. 13.1, let S be the true sun and S^ a point on the 
equator such that 

yS = 7S^ — ©=the longitude of the sun in time. 

=fthe E.A. of the point Si in time. 

7 M= 7 Mi =I=the longitude of Mj in time. 

' =the E.A. of the mean sun M in time^ 

7N = x.= the E.A. of the true sun S in time. 
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Pi’om equation 13.2c we have 
E = E.A. 01 the True Sim — of# the Mean Sun. 

= < — I (Fig. 13.1) wliere E is the equation of time. 

= (<-©) + (©-0 ••• ••• (13.2e) 

Thu'^ the equation of time consists of two components : 

(1) The component < — © and (2) ©-?. The component 
< — 0 is due to obliquity of the ecliptic — < differs from ©because 
the ecliptic is inclined to the equator; in our figure it 
( = 7^- tSj) is negative. The component © — 1 is due to the 
eccentricity of the path of the Sun — © differs from I because 
(jn account of the ccccntiieity of the sun’s orbit the sun does not 
have uniform angular motion; in our figure it ( = 7S^ — 7M) is 

2 j 0 sitive. The total, in the figure, is positive. 

The A aloe of the components can be calculated to any 
degree of approximation. A fir-^t apiiroximation, sufficient for 
all piactical puipo^es, is that the first com 2 )onent= — 10 ^ 21 
minutes and the second = 76in (i + Ay ) minutes. 



In Fig. 13.2, the graphs of the two components are drawn 
against time which is proportional to I. It is to be noted that 
•I is 0 on the 21st^ March and l + Ay is 0 on the 1st. January. 
The equation of time on any day can be obtained by 
adding the corresponding ordinates. The greatest positive value 
is 14 min. 28 sec. on the 11th February and the greatest nega- 
tive value 16 min. 21 sec. on the 3rd November. The 
0 fQuxMmea. a j^ear, on about April 16^iioe^5, EepteipJjer.l, 
an^ D qcember These statements will no doubt be borne 
out by finy accurate drawing of the graph. The second however 
can be seen to be true as follows. The component — lOsin 21 
becomes -10 min., 10 min., —10 min., 10 •min., on dates 
between (1) the 21st March and the 2l6t June, (2) tlm 2l6t 
June ^n(f the 23rd. September, (8) the 23rd. September az)|^ the 
21st. December and«(4) the 21st. December and the 21st. March 
respectively. Whatever the sign of the other component, since 
it i^ always less than 10 min. in magnitude, the sum of the two 
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components ia negative, positive, negative, positive in succes- 
sion on four dates in the year. Since the equation of time 
changes gradually, it must vanish while changing from positive 
to negative values or vice versa. Hence it vanishes four times 
a 3 eai . 

13.b. The sun-dial is a device to indicate Apparent solar 
time. Jt consists of a straight rod ON, called Gnomon or Style, 
set in the direction ot the north celestial pole through the centre 
O ot a hoiizontal circle. The time is shown by the shadow of 
the lod cast by the sun on the circle. The circle may bo 
giadualcd as follov^s: 

« Let OAN' be the 



line of section of the 
horizontal plane of the 
circle and the vertical 
plane through ON 
(Fig.13.3). Let NA be 
perpendicular to ON 
and N'A equal to NA. 
Let A123 be a 


Fig. 13.3 straight line in the 

plane of the circle, per- 
pendicular to the line OA. Draw N'1,N'2, . , . . , making the 
successive angles AN'l, IN'2,. . . .each equal to 15®. Join 

OA, 01, 02 Put the marks XIJ, I, II, etc., successively 

at the inteiscctions of the straight lines with the circle. 


Imagine the plane of the paper to be folded about A12. . . . 
till N' coincides with N. The plane so folded is perpendicular to 

ON, and N'A, N'l, N'2,. . . .coincide with NA, Nl, N2, 

'J'he latter thcrefoie also make successive angles of 15® with 
their neighbours. Now' the piano of the hour circle of the sun 
rotates about ON at the rate 15® per hour. Hence NA, Nl, 

N2, lie in the plane of the hour circle successively at 

intervals of one hour. It follows that the shadow of the rod 
ON will coincide successively with OA, 01, 02,. . . / .t^t noon, 
1 P.M., 2 P.M., ue., at times agreeing with those indi- 

cated by the marks. 

13*4. On account of the disparity between Apparent solar 
timecand Mean solar* time, morning and afternoon as "reckoned 
by the clock may not be of equal duration. Morning is the 
period from sun-rise to 12 O'clock noon (mean time) ; and after- 
noon is the period from 12 O'clock nooQ (mean time) to sun,-set« 
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preserve continuity of the measure of time add 12 hours 
to the times shown by the clock in the afternoon; and let 
Tm=tim6 at sun-rise 

Tn = time when the sun is on the mSridian at noon 
Ta=time at sun-set 
E =the equation of time. 

Then the length of the morning 

= 12-T„= (T„-T„)-(T,-12) ... (ri.4a) 

the length of the afternoon 

=Ta-12=(T,— T„) + (T„-12) ... (13.4b) 

Since the equation of time E=(Mean time) — (Apparent 
time) at any instant, considering the times at apparent noon, 
E=’T„-12 

Moreover, Tn-Tm = T«-Tn, since the perioi from ‘^im-rise 
to apparent noon is equal to the period from apparent noon to 
sun-set. Hence subtracting equation (13.4a) from the equation 
(13.4b), we have 

• (Afternoon) — (Morning) =2 (T^ — 12)=2E (13.4c) 

E may be taken to be the equation of time for the day 
because it does not change appreciably during a day. 

13.6. The interval between two successive transits of the 
First point of Aries is caUed a sidereal day; and the interval 
between tw’o successive transits of the Mean Sunnis called a 
mean solar day. Now the mean sun completes one revolution 
of the equator, west to east, in course of a year relative to*the 
First point of Aries i.e,, the latter completes one revolution east 
to west relative to the mean sun in the same time. But the 
mean sun completes 365J revolutions east to west with respect 
to the meridian in a year. Plence the First point of Aries com- 
pletes 366 J revolutions with respect to the meridian in a year. 
Hence 

36.^ mean solar days = 366 J sidereal days ... (13.5a) 

This relation forma the basis of conversion of an interval of 
* mean time to one of sidereal time .md vice versa. The following 
table of conversion calculated from the equation (13.5a), 
facilitates computation. 

1 &our of mean time = l hour 0.86 sec. of sidereal time. 

1 min. of mean time = l min. 0.16 sec. of sidereal time. 

1 sec. of mean time = l sec, of sidereal time., ... (13.5b) 

1 hr. of sidereal time=l hr. —9.83 sec. of mean time. 

1 min. of sidereal time=l min. —0.16 sec. of mean time. 

1 sec. of sidereal time = l sec. of mean time. 

Generally, m units of mean time * 

= (366J/865J)m units of sidereal time 
t=m+ (i/365J)m units of sidereaK time 
stin-f-km units of sidereal time where k 
stands for l/SOo^ 



106 


A TEXT-BOOK OF ASTRONOMY 


Similarly s units of sidereal time 

= (30.>J/3661)s units of mean time 
-:s- (l/366i)s units of mean time 
= g — k's units of mean time where k' 
• stands for l/36Ci 

(1) To find sidereal time, given mean time, at Oreenwhkh, 
Before 1925, mean time was reckoned from mean noon in 

British Nautical almanac. But now it is reckoned from mean 
midnight; and the sidereal time at mean midnight is given in 
the almanac for every day. 

Let m = the given mean time (reckoned from mean 

midnight) 

Sj, = the sidereal time at the previous mean midnight 
(gi\en in the nautical almanac) 
s = the sidereal time required 

The interval from moan midnight to the instant in question 
= m units of mean time 
= m-i-km units of sidereal time 
Hence the sidereal time required = -i- m - 4 - km ...(13.50*)' 

(2) To find mean time, given sidereal time, at Greenwich. 

^jet s = tho given sidereal time 

So = the sidereal lime at the prc\ious mean midnight 
(given in the nautical almanac) 
m/=the required mean time (reckoned from mea?^ 
midnight) 

, The interval from the mean midnight to the instant in 
question =s — s^, units of sidereal time 

= (.s — S q) — k'(s — So) units of mean time 
^Hence m=(s — sj — ^k'(s — ^So) ... ... (13.5d) 

To find the local sidereal time, given the local mean time, 
at a place of longitude L® wTst of Greenwich. 

Let iHj =the given local mean time (reckoned from mean 
midnight) 

m = the Greenwich mean time (reckoned from mean 
midnight) at the instant 
s = the Grcemvich sidereal time at the instant, 
s j = the local sidereal time at the instant. 

So = the Greenwich sidereal time at the previous mean 
midnight 

Let all the times bo in hours. 

m=m^ + (1/15)L, because mean midnight begins at 
Greenwich (1/15)L hours earlier ® 

SssSo-fin + km ... by the equation (13. 5o) 

=So-i*m j + (l/15)L + kmi -Hk(l/15)L 
But B=Sj + (1/15)L, because the transit ofTtal^es place 
^ L/15 sidereal hours earlier at Greenwich 

Hence s jssSo+mj + kmj-hkL/lS ... ... (13. 6e) 
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To find the local mean time, uiven the local aidcrcaVtime, 
«t a place of longitude L® west of Greenwich. 

With the notation of the previous^ paragraph. 

m=(s — So)---k'(s — Sj,) by the equation (13, 5d). 

And m = mj +L/15, b = Sj4-L/15. 

yubstituling these values in the first equation, 
m j +I-</lo = S|+L / (s j 4* / 1 o“~Sq ) . 

Or mi =Si — &,-k'(si — So)— K'L/15 ... (13.5f) 


Example: lo find the (local) sidereal time at New York 
10 hr. min. 31 sec., local mean time,' on the morning of 
September 1, 1931. 

Given: longitude of New Y’ork is 74® W. 

Sidereal time at mean midnight at 
Grecimieh on Septenil)fr 1, (from 

nautical almanac) 22 hr. 30 min. 47 sec. 

Mean time given at New York 10 hr. 25 min. 31 sec. 

Add 74/ir> lir. for west •longitude 
(to coinert to Greenwich mean 
time) 4 hr. 50 min. 

15 hr. 21 min. VI sec. 

Add 15x0 80 sec., for 15 hr. 

•(to (‘onvert to sidereal time) 2 min. 27.9 sec. 

Add 21 X .10 bee., for 21 min. ^ 

(to coiiNcit to sidereal time) ^ 3.3 sec. 

Sidereal inteival elapsed since mid- • 

night at Greenwich =15 hr. 24 min. 2 sec. 

Sidereal tune at mean midnight 

at Greenwich (given) 22 hr. 30 min. 47 sec. 

6 min sec. 

Subtract 24 hr. 

14 lir. 0 min. 49 sec 

Subtract 74, 15 hr., to convert to 

New' York time 4 hr. 50 min, 

/.Sidereal time at New York =9 hr. 4 min. 49 sec. 


^ 13 . 6 . Definition: The Tropical year is the period in which 
the sun completes a revolution in the ecliptic with respect to 
the first point of Aries. 

Since the changes of seasons are due to changes of position 
of the sun relative to the first point of Aries, seasons repeat at 
intervals of a tropical year. The tropical year is equal to 
305.2422 mean solar days approximately. The ancients employ- 
ed the gnomon to determine the length of* the tropicc^ year ; 
the iyterval between two transits of the sun when the shadow 
of the gnomon is exactly of the same size was noted ; and it was 
divided by the nhmber of years elapsed between the two 
observations. 
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Definition : The sidereal year is the period in which the 
sun completes a revolution in the ecliptic with respect to a point 
fixed among the stars. # . 

On account of precession of equinoxes (sec. 14.4) the First 
point of Aries moves backwards on the ecliptic with respect to 
stars at the rate of 50",2 per year. So the sidereal yeaif is a 
little longer, being 365 2564 mean solar days approximately. 

Definition • The anomalistic year is the period in which 
the sun completes a revolution in the ecliptic with respect to the 
perigee. 

The perigee advances along the ecliptic, i e., moves east- 
wards with respect to stars, at a small rate il".25 per year; so 
the anomalistic year is the longest, being 365.2696 mean solar 
days approximately. ^ 

The tropical .>ear ib made the basis of the civil year, in order 
fhat seasons may lepeat on regular dates: Necessarily the civil 
year must contain an integral number of days. According to the 
Julian calender, three years of 365 days are followed by one of 
366, the latter being called a leay year. Accordingly, the 
nveraag length of the civil year becomes 36.5.25 da.^s. As this is 
too large by about .0Ci78 days the accum\ilation of error in 400 
years is a little over three days. A further correction, called 
Gregorian coriection, cancels three leap years in four centuries. 
The two corrections, Julian and Gregorian, are incorporated in 
the following rule iv Tf the year be divisible by four it is a leap 
year} but if the last two digits be zero in the number iiillicatiog 
The year, it will be a leap year only if it be divisible by 400. 

Gregorian calender was adopted in England in the year 1752. 
To make up for the accumulated error the day following 
September 2, 1752 was called September 14; the year also was 
taken to begin on January 1, instead of March 25. 


Examples Worked Out 

1. If at Greenwich h and h' are the hour angles in degrees 
of the sun at t and t' hours mean time, show that the equation 
of time at the preceeding mean noon expressed in fraction of an 


hour of mean time is 


h't-ht' 


The rate of change of hour angle of the sun= 


h'-h 

t'-t 


The change in t hour8=-^^^^) — 

I'-t 

Hence at .previous mean noon, the hour angle of the 

h- 


sun IS 

* 


t(h'-b) ^ 

— degrees. 
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In other words, the equation of time is 
t(h'-h) _ h't-ht' _ L h't-ht' 

t'-t t'-t V-t ^ ^ 

2. The shadow of a vertical rod at a place 4“ west of 
GreenwicK is observed to have the same length at lOh, 25m. 
A.j\r. and 14li. 5m. P.M. Greenwich time on a particular day. 
Find the equation of time on the day of observation. 

The altitudes of the true sun at the instants when the 
shadows are equal are obviously equal. If T represents the 
(.Jreenwich mean time of local apparent noon 
T-lOh. 25m.=14h. 5m. -T 
/. T=i (14h. om.H-lOh. 25m.) 

= 12h. 15 m. - 

Again Greenwich meantime of local mean noon 

= 12h. 10m. (Since the place is 4® to the west of 
Greemvich). 

Thus local mean noon is Im. after local apparent noon. 
Hence when local mean time is 12h. local apparent time is 
12h. Im. 

Equation of time on the day of observations -1 


Exercise 13 

1. Find the time at Vienna (longitude 16*^20' £) and at Chicago 
(longitude 87®40' W) when it is 11 A.M. at Greenwich, * 

2. Where is a ship whose local mean time Is noon and whose Greenwich 
chronometer reads 2 hr. 26 min. P.M. ? 

3. At mean noon on a given date the sidereal time is 3 hr. 30 min. 

What ivill be the sidereal time after 50 days at mean noon? 

4. If on a particular day, morning bo longer than afternoon by 5 min., 
what IS the equation of time on the day ? 

5. The tropical year being 365.2422 mean solar days, how long will it 

be before a correction amounting to a day will be necessary over 

the Julian and the Gregorian correction to the year? 

6. Find the sidereal time at 13 hr. 20 min. mean time, the mean time 

' • of transit of the first point of Aries being 21 hr. 40 min. 

7. Find the time of the year if the mean time of transit of the first 
point of Aries be 21 hr. 40 min. 

8^ Find the mean time at 12 hr. 40 min. sidereal time, the sidereal 
time at the previous mean midnight of the place being 5 hr. 20 min. 

2. A, B, C are certain places on the earth. At one and the same 
instant the clocks of the several places indicate re.spectively 1 A.lVl., 

* 2 A'. M., 3 A.M Prove that the longitudes of A, jp, C . . . • 

are in A. P. (C. U. 1920). 
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10; If T, S and A be ilie lengths of the tropical, sidereal and anoma 
hstic year respectively, show that 

1.224 approsAmately 

Cviven that the perigee advances by ll/"25 per year; and the 
precession of equinoxes is 50/'26. 

11. If y be the length of the tiopical year, s the length of the sidereal 
day and m the length ot the mean day, prove that 

I _ 1 ^ I 
s ni y 


14. ABEllEATION, 7>AHALLAX, PEECESSION 
AND NUTATION 


14 . 1 . Bradley discovoied the ^hepoinenon of aLerrntioii 
while making observation on y Draconic in scareh ot stellar 
parallax. lie chose the particular star because it was fairly 
briglitjrand presumably near; at the same time it passed clo^e 
to his zenith, so that meridian observations were little affected 
by refi action. He discovered a change ot ])Ositiou withii\ a 
short time; but it was not according to the theory of parallax. 
This led him to an entirely different explanation and the 
jibenoinenon was nam‘'d Aberration. 

• Let E be the earth and S a 

star (Fig. 14.1a). Tf the earth 
wx^re at rest, light trom the star 
travelling with velocity V, sav, 
ould reach E in the direction SE ; 
consequently the star would be 
seen in the direction ES. If how- 
ever the earth be moving with the 
velocity v in the direction EA, v\e 
should perceive only the relative 
velocity of light, not the actual. 
Produce SE to T making ET==SE. 
Let ET represent V. ProduSe AE 
to A' and let EA' represent v, the 
velocity equal and opposite to that 
of the earth. The relative velocity 
of light is the resultant of the tw'o 
velocities represented by ET and 
EA' and is therefore represented by the diagonal ET' of the 
parallelogram ETT'A'. Draw SS' parallel to EA to meet T'E 
produced at S'. The star will therefore be seen in the direction 
ES', displaced from its true direction ES. The angle SES' by 
which the star is displaced is briefly called its aberration. 



Fig. 14.1a 
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To find the amount and direction of aberration. 
Employing Eig. 14.1a, the aberration ol S is 
say. From fche triangle ETT', 
sin TET' _ TT' _ v 
sill ETT"“ El “ V '*• ' 


ZSES' = oC. 
... (14.1a> 


ZTET'= zSES'= < ; and zETT= Z A'ET'= zS'EA = E, say. 

The angle E is called the earth's way. The equation 
(14.1a) becomes 

sin < V 


sin E V, 


Or since < is small, <=- — sin E ... (14.1b) 

V 

where < is in radians *5ixprcssed in seconds of aic, the relation 
is <" = k" sui E = 20".5 sin E nearly ... (14.1c> 

It will be noted 





Eig. 14.1b 


from Eig. 14.1a that 
the displacement due 
to al)erration is to- 
wards the poin^^n the 
celestial sphere to- 
wards which the earth 
is moving at the ins- 
tant. In Eig. 14.1b let 
00' be the elliptic. 
S a star, K the pole of 
the ecliptic and E the 
earth, at the centre of 
the sphere. Let 0 Le 
the position of the sun 
at any time; the tan- 
gent to the ecliptic at 0 
indicates the apparent 
direction of motion of 


the sun at the time. Hence E©' drawn parallel and in the 
opposite sense to the forward direction of the tangent indicates- 
the , motion of the earth. The displacement due to aberration 
is therefore towards which is 90® behind the sun on the 
ecliptic. 


• To examine the course of a starts displacement during a 
year, on account of aberration. y 

Assume that the orbit of the earth round the sun is a circle.* 
Then in Fig. 14.1a, A the end of the straight line EA, represent- 
ing tfie velocity of the earth, de.seribes a circle round E in course 
of a year. The ^ displaced position of the star. S'? likewise 
describes a circle^ round the mean position S, parallel to the 
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plane of the ecliptic, as represented by the small oval round S 
in 'Fig. 14.1c. 


Xet the cone described with E as vertex and the circle S as 
base be produced to meet the celestial sphere ; the section — 
because it is of a cone with a circular base — must be an ellipse, 
iiince we see celestial objects projected on the celestial sphei’e, 
this ellipse is the apparent course of displacement due to aberra- 
tion. Let S, the mean position of the star, be projected to a 
on the celestial sphere. The semi-major axis of the ellipse = 

the maximum dis- 
K placement due to 

aberration =k of equ- 
ation (14.1c), along 
<T© where ^©'•= 
90®. Let K be the 
pole of the ecliptic. 
Then K©=9()®. It 
follows that ©' is 
the pole of Ka and 
so (;©' is perpendi- 
cular to K(j. That 
is to say, the major 
axis is parallel to 
the ecliptic. The 
semi-minor axis = the 
minimum displace- 
_ ment=k sin (90®— 

_ 1 ... T ^ K(T) = k sin /3 (where 

^ = latitude of the star) along the extension of Ka ; for a®’ 
IS obviously least when it is perpendioula.- to the ecliptic. It 
follows that ^ 



CcKpRc 


nanjor axis ; minor axis = I : sin p 

Summarising the effect of aberration on the position of a 
star, we may therefore state as follows: 

t towards a point on the ecliptic 90* 

behind the sun. 

(2) The amount of aberration is k" sin E where E ia the 
earth s way, and k" is the same for all stars and equal to 20" 5 
approximately. 

(8) In course of a year a star of latitude ^ seeris 
to describe, due to aberration an ellipse on the celestical spfiere 
such that the major axis: the minor axis=l: sin js the major 
•axis being parallel to the plane of the ecliptic. 

On account of the rotation of the earth about its axis, the 
observer on the surface of the earth has a velocity which gives 
nse to iroat is called Diurnal aberration. The velocity (about 
i/3 mile per sec,, for a point on the equator) being much smaller 
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than the velocity of the earth in its orbit (about 18^ miles per 
sec.}, the amount of diurnal aberration is very small indeed. 

14 . 2 . Defiiiition: The annual parallax of a celestial hody 
(which should bo distinguished from diurnal parallax defined iu 
SEC. 11.1) is the angle subtended at it by the line joining the 
sun and the earth. 



. Fig. 14.2a Fig- 14.2b 

In Fig. 14.2a, let S ^)e the sun, "E. a position of the earth 
in its oibit and a a star. The angle Ej^tSssTT, say, is the 
parallax of the star corresponding to the position Ej of the earth. 
Let r — SE ^ be the radius of the earth s orbit and d = S cr he the 
dist«auce of the star from the sun. Then from the triangle 
SEyC 

sin ^ 

sill ~ d 

Or sin 'ir= (r/d) sin <t Ej S; since is small, we have the 
a 2 >proximatc formula ir=(r/d) sin<yEiS ... (14.2a) 

wheie 'tr is in radians. The maximum value of ir , say ^ q, 
is gi\en by 'ir^,=r/d; or 'ir^"—{rld) 200265" ... (14.2b) 

if expressed in seconds of arc. Equation (14.2a) may now 
he wTittcu as it=s 'xt^ sin E ... ... (14.2c5)^ 

\\here E is the elongation of the star. 

In Fig. 14.2b, suppose the apparent directions of the star 
to Jje drawn from a fixed point E^, representing the earth. 
Draw E^tTo parallel and equal to Scr of Fig. 14.2a and coq 
parallel to SE , of Fig. 14.2a. It follows that in Fig. 14.2b^ 
is equal to tne radius of the earth’s ofbit. Hence a in 
Fig. •14.2b, describes a circle round the mean position a ^ ^ as 
centre. The amount of displacement from the meaa positior^ 
= = sin E (equation 14.2c) t.e., tha 

displacement varies as the sine of the elongation of the starj, 
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Also it is towards the sun, while that due to aberration, as w’o 
have alread;y shown, is towards the point 90® behind the sun. 

BJr the paiallax of •a star, we usually mean its maximum 
value; and when it is known, the distance of the star can be 
found from equation (14.2b). Stellar distances being enornyDus, 
the units employed in their measurement is either (1) jiarsec or 
(2) light-year. 

One parsec is the distance at which the annual parallax of 
a star would be one second of arc. 

- One light-year is the distance which light takes one year 
to travel at the rate of 186000 miles per second. 

The relation between the two units, namely 1 parsec = 3.26 
light-years, can \y(i easily obtained and is left to the reader as an 
exercise. 

It is to be noted that the distance* in parsecs of a star is the 
reciprocal of its parallax in seconds of arc; for 

206265 -—(Equation l^2b) 

1 parsec = 206265 r 

Hence 7rn"= -l-or d= parsecs. 

Q ^0 

We have a further unit of distance: The semi-major axis 
of the earth'^ orbit is known as Astronomical unit of distance. 
It follows that 

* 1 parsec = 206265 astronomical units. 

Bessel (German astronomer: 1684-1846.) in his search for 
parallax chose the star 61 Oygni on account of its large proper 
motion, which he presumed to be a sign of nearness, and suc- 
ceeded in obtaining its parallax by the ‘‘differential method''. 
In fact he w’as the first to find any stellar parallax and so first 
to dispose of a serious criticism of the Copcrnican hypothesis. 

Differential method (or BesseVs method) of finding stellar 
Parallax: 

Let Ej and Eg (Fig. 14. 2a) be two positions of the earth in 

its orbit, at an interval of six months. Observe the small lyigles 
between the star in question and a very faint star a * in its 

neighbourhood from E^ and Eg respectively. The faint star is 
presumed, on account of its faintness, to be immensely distant 
in comparison. Its directions from and Eg should therefore 
be parallel. Now, * 

Z. = ir a Wo sin a E-rS, and L Eg® S « ir ' = ito sin «EgS 

Therefort! it +‘Tr' = iro(sin a EiS+ sin i EgS) 

Or ‘iro=('ir+'ir')/(sm i EjS+sin aEgS) 
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But ir+ir'® z.a' E2 «+ /.o' E t wheie «c' and 

^ are the obseived angles between the faint star and the 

btar in question. So , irQ = (<+i8)/(sm o EiS+siii E 2 S) . 

(14.I2J) 

All the quantities on the right hand side are therefore derived 
from direct measurement, so that becomes known. 

Instead ol direct measurement, photographic method is now 
a\ ailable for obtaining k and /> . 

Absoluic method of finding stellar parallax: 

The method consists of a eomjiarison of positions of the star 
in question, observed at different times of the year, after all 
possible corrections have been made. The difficulty is that the 
corrections themselves are^alwajs larger than the parallax, and 
any slight error in the former may completelj’ mask the latter. 
Even seasonal variations of the instruments become of importance 
111 such delicate observatioA. For these reasons stellar parallax 
by absolute method is never reliable. In spite of the .theoretical 
objection that it gives only a relative value, the differential 
method is in practice the most reliable. 

Although geometricrd methods form the basis of our 
knowledge of stellar distances, new approacjiies have made it 
possible to estimate distan6bs far beyond their capacity. Deriva- 
tion of the distance of a binary system ^ explained below, provides 
an inslunee in point. 

A binary system is a pair of very close stars which are found 
to revolve about each other. Suppose the line of sight of such a 
] air of stars is in the plane of its orbit. Spectroscopic method 
(already described in sec. 7.2) yields the velocities of the 
components along the line of sight. Hence on the hypothesis 
that the orbit of each about their centre of gravity is circular the 
measure of the radius can be obtained from the period of reyolu- 
lion. The distance be ween the components in qngular measure 
can also be observed. So the parallax of the pair is obtained. 

Different types of binary systems will be described and the 
question of parallaxes of binaries in general will be touched upon 
in SEC. 15.2. 

14 . 8 . To examine the course of displacement of a star 
during a year on account of parallax. • 

X^et the little circle at S in Fig, 14.1c be the relative path 
oi tbb star due to displacement of parallax. Obviously its plane 
is parallel to that of the ecliptic. 

Let the cone, described with E as vertex and the circle at 
S as Ijase, be produced to meet the celestial sphere; the section 
—because it is of a cone with a circular base — ^must* be an 
ellipse. Since we celestial objects projected on the celestial 
sphere, this ellipse is the apparent course of displacement due to 
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parallax. Let S, the mean position of the star, be projected to tr 
on the eelesti.il sphere. The semi-major axis of the ellipse = the 
maximum displacement duo to parallax = -iTo of equation (14.2c), 
along a© wlieie a© (elongation of the star) =90®. Let K be 
the iiole of the ecliptic. Then K© =90® It follows that © is 
the jiole of Kcr and so cr© is porpencliculnr to Kcr. That 
is to sa.v, tliG inaior .axis is parallel to the ecliptic. The semi- 
minor axis = the minimum displacement = sin (90® — K a ) = ttq 
sin /3 (where /J= latitude of the star), along the extension of 
K(t; for r7©is obviously least when it is i^erjiendicular to the 
eclijitic. Jt follow^s that 

major axis: minor axis = l: sin B 

The effect of p.arallax on the apparent position of a star is 
therefore as follows, and may be contrasted with that of 
aberration listed at the end of section 14.1. 

(1) A star is displaced tow^ards the sun on account of 
parallax. 

(2) The amount of paiallax is siiiE where E is the 
elongation of the st.ar and is a constant different for 
difjen^nt stars. 

(3) A stai due to parallax seems to describe an ellipse 
on the celestial sphere such that the major axis: the minor 
axis = l: sin fil and the major axis is parallel to the ecliptic. 

As there is close analogy between the effect of aberration 
and annual parallax it is instructive to compare them in detaiL 
Points of similarity: 

(1) The locus of the apparent position of a star due to both 
aberration and annual parallax is an ellipse. 

(2) The eccentricities of both the ellipses are the same. 

(3) The major and the minor axis of both the ellipses are 
respectively parallel and peipenclicular to the ecliptic. 

Points of difference: 

(1) A star is displaced towards the sun by annual parallax 
but towards a point 90® behind the sun by aberration. 

(2) Annual parallax of a star depends on its distance but 
the coefficient of aberration is the same for all stars. 

14 . 4 . Pi •ccession: The E.A. and the Decl. of a star undergo 
periodic changes on account of .aberration and parallax. 
.Observations at long ifitervals show that they also undergo 
progressive changes over and above the periodic. The mean 
positions of stars among themselves and the position of the 
ecliptic among them are however found not to alter. The 
obliquity of the elliptic has really a periodic change, which will 
be considered in a little greater detail in the next section. We 
may at present take it to be constant and equal to its average 
value. ^ The progressive changes in the R.A. and the Decl. of a 
star are therefore due to a shifting of the equator so that its. 
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inclination to the ecliptic remains the same on the average. 
Moreover the shifting is such that the first point of Aries and 
the first point of Libra move backward on the ecliptic. The 
equinoxes therefore recur before the sun has completed 860*". on 
the ecliptic Le., iii a sense before their due time. The pheno- 
menon is therefore known as the Precesaion of equinoxes, 
Geojnetrically, the backward motion of the first point of Aries 
is the same as the rotation of the celestial pole round the pole 
of the ecliptic in the proper direction. 

Physical explanation of the phenomenon of Precession of 
equinoxes. 

The phenomenon is principally due to the unequal attraction 
of the sun and the moon on the equatorial bulging portion of 
tlie'eaith. It is theretore called liini-solar precession. Below 
we consider the effect of Che sun's attraction only, though the 
moon being nearer to the earth is responsible for a larger share 
of the piecession. 

In Fig. 14.4a, let the spheroid, ccntic (), represent the earth 
and S the sun. Let BOA represent the equatorial plane of the 
earth; OS of course is in the plane of the ecliptic. 

The earth may be considered to be made up of two portions : 

’ (1) the inner spherical portion and (2) the protuberent 
equatorial belt. The attraction of the sun on the, inner sphere 
is u force F, say, through the centre O. The attraction on the 
nearer bulging portion is a force Fj along AS, say; that om the 
farther bulging portion is a similar force .F . 2 alopg BS, say. The 
force Fj is obviously larger than the force F„; but even if they 
were equal, their resultant would pass through a point on the 
equatorial plane nearer to A than B. It follows that the 

resultant of F|, F 2 I’ is a force F^ through O' on the equa- 
torial plane which is on the same side of 0 as S. The resultant 
force Fjj, along O'S therefore tends to turn the plane of the 
equator towards the plane of the ecliptic. 

Let K and P represent the 
poles of the ecliptic and the 
equator respectively (Fig. 
14.4b). The earth rotates west 
to east about its axis t.a., in the 
direction of the arrowhead 
on the equator in our 
figure., This • angular motion 
should, according to the usual 
right-hand • screw rule, be 
represented by OP which is 
perpendicular to the plane of 
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rotation and is also in 
the proper sense. The 
resultant force of at- 
traction of the sun, F^,, 
generates an angular 
motion on the ^arth, 
\t^hich has the effect of 
tending P to move 
towards K. This should 
be represented, accord- 
ing to the same rule, 
by a length OR along 
O 7 . J3y the parallelo- 
gram law, the two 
angular motions have a 
resultant in the direc- 
tion OP', where PP', 
which IS parallel to Oil, 
Fig. 14.4b is easily seen to he 

perpfi^dicular to the arc KP. Since P moves alw'ays per- 
pendicular to KP it describes a small cdrcle round K; so the 
phenomenon of precession of equinoxes is explained. 

The attraction of the planets causes a binall change in the 
position of the ecliptic, and so contributes a small factor to\\iirds 
pieccssion. The total, due to all the causes combined, is called 
the ^(Irneial precession of which the average amount is. per 

year. 

14.5. Nuiaiion: After allowing for aberration, Bradley 
found that there w«ib still a residual variation in the declination 

of the star 7 Draconis, \vhich he 




had been observing; and the period 
of the variation was 18^ years, 
exactly the period of revolution 
of the moon's nodes. The periodic 
variation of the declination could 
only be atfributed to a periodic 
movement of the celestial pole i.e., 
to a sort of nodding of the' celes- 
tial pole. This phenomenon w^aa 
therefore named 'Nutation which 
literally means nodding. The coin- 
cidence of the two periods lecl him 


'Piff 14 5 to the true explanation of the 

■ phenomenon. 

Explanation of the Phenomenon of Nutation: • , 

L^t L be the* pole of the moon’s orbit (Fig. 14.5). Since 
the inclination of the moon’s orbit to the ecliptic •remains practi- 
cally constant but her nodes revolve once in 18J year, L revol- 
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ves round K, the pole of the ecliptic, once in 18f years. ^tVhile 
tho attraction of the sun causes the celestial pole P to move in 
the direction Pa perpendicular to KP, that of the moon 
similarly causes it to move in the direction Pb perpendi- 
cular to LP. The resultant motion on calculation is found 

to be a combination of (1) a periodic motion of P in an 

ellipse of which the major axis is 9^ along KP and the minor 

axis is 6", perpendicular to KP and the period is years; 
and (2) a progressive angular motion, round K, of the centre of 
the ellipse at the rate of 50".2 per year. 

The first component of the motion, namely the periodic 
motion round the mean position accounts for nutation. The two 
motions combined give to'P a resultant motion along a wavy 
cuive as shown in the figure. 

i4.6. In this ciiapter we have seen that the observed R.A. 
and Decl. of a star, supposed already corrected for refraction, 
are further affected bv (1) iPrecession and Nutation, (2) Aberra- 
tion and (3) Annual parallax. In the majority of cases, the 
annual parallax is inapi)reeiable ; and, in order to compar^posi- 
tions of a star at different ximes, reduction on account m the 
first two causes only need bo carried out. If the comparison is 
to be made within the interval of a year, we refer the positions 
to the equator and the first point of Aries at the •beginning of 
file \ear. For comparison at longer intervals, the changes of 
the positions of tho equator and the first point of Aries should be 
taken into account. Such comparisons of positions of stars at 
long intervals have repealed in many cases the existence of pro- 
gre'-aive c-hanges over and above those we have so far considered. 
Such changes are known as proper motion. 

Let the mean position of a star (i.c., the Yiosition whicn 
W’ould be observed from the sun) be referred to the equator and 
the first point of Aries at the beginning of the year. The quanti- 
ties to be added" to the mean -B.A. and Decl. to obtain the 
observed R.A. and Decl. at any time during the year can be, we 
assume, expressed mathematically as follows: 

Observed R.A.=Mean R.A. -i-Aa + Bb + Cc + Dd 
Observed Decl. = Mean Decl. + Aa' + Bb' + Cc' -h Dd' + 

(14.6) 

. The terms Aa, Bb and Aa', Bb' proceed from the effect of 
prec3s;?ion and nutation; and Cc, Dd and Cc', Dd' from that 
of aberration ; and a terms due to the proper 

motion defined above. The quantities A, B, C, D are indepen- 
dent of the co-ordinates of the star and depend* only on the time 
ill question; they are called BesseVa Day numbers. The 
logarithms of these quantities for each day are tabulated* in the 
nautical almanac, if, a', b, b\ c, d, d', on the other hand, 
jdepend only on the co-ordinates of the star and not on time ; they 
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havQ to be calculated for individual stars, for the purpose of 
reduction of the observed position. 


Examples Worked Out 

1. Where must a star be situated so that its annual paral- 
lax may be (i) maximum, (ii) minimum? (C.U. 32). 

The parallax p is given by p=(r/d) sm E, where E is the 
angle between the direction of the star and that of the sun. 
[Eq. (14.2a)] 

/. it is maximum when E is 90® and minimum when 
E = 0® or 180®. 

2. Find whe’-e a star should be so that the effect of aberra- 
tion on it is annulled by the effect of refraction. 

Let Z be the zenith, and A the position of the point on the 
ecliptic, 90® beliind the sun. At the iiustant under consulerdtion 
the^sition of the star will be S on the arc joining Z and A such 
that K tan ZS=k sin AS, where K and k are the coefficient of 
2 efi action and tlie constant of aberration respectively. 

3. If Jit midnight on the shortest day z be the zenith 
distjuice of a star such that in this position the aberratioii is 
entirely counteracted by refraction, show tluit z is given by cUi 
equation of the foini sin^z-f-k sin z = l (C.U., Jlon., 1930). 

On the shortest day (i.e., 21at December) E.A. of the sun 
is 270®. At midnight on that day the fiist point of Aries will 
therefore be at the west point and the point A towards which 
stars aberrate will be coincident with the east point. If at the 
instant under consideration S be the position of a star on the arc 
ZA such that the effect of aberration on it is entirely counter- 
acted by that of refraction 

K tan Z8=*k'sinAS where K and k' are the co- 
efficient of refraction and constant of aberration respectively. 
But ZSsz and AS=90®-z 
K tan z=k' sin (90®-z)=k' cos z 

Or K sin z=k' cos^= k'(l — sin*z) 

K 

i.c. sin®z+ VI — pin zssl 
k' 

i,e. sin*z + k sin z=sl where k=~-r-- 

k' 

4. Show that the locus of all stars which have no aberra- 
tion ii}, right ascension at any given time is a great circle. 

Let S be the true position of a star and S' its apparent 
position as affected by aberration. Since there is no aberratioa 



ABERRATION, PARALLAX, PRECESSION AND NOTATION * 121 


in right ascension the great circle posing through S and S' 
will be perpendicular to the equator and will therefore -pass 
through the pole of the equator. It will also pass through the 
point on the ecliptic 90° behind the sun. Hence at any time all 
stars lying on the great circle through the pole of the equator 
and the point 90° behind the sun on the ecliptic will have no 
aberration in right ascension. 

5. Prove that a star has no precession in declination if its 
E.A. is either 90° or 270° (Andhra Univ. *44). 

Let P be the celestial pole and K the pole of the ecliptic. 
Due to precession P moves round E in a sQiaU circle . Hence 
the precession in declination is 0 when P moves perpendicular 
to the declination circle, therefore KP must be coincident with 
the declination circle; so the E.A. is either 90° or 270°, for 
the pole of KP is the firsj point of Aries. 


Exercise 14 

1. Find the positions of ^11 stars which are displaced by the same 
amount by aberration any given time. How mai^ of these stars 
will be displaced by the same amount at another given time? 

2. Show that the parallax of a star on the ecliptic is maximum when 
the aberration is minimum ; and vice versa. When is the aberration 
of the pole star maximum ? when minimum ? (C U. 1S27). 

3. The co-ordinates of a star are : R.A.=6 hr., Decl. =0. When is its 
(i) aberration (ii) parallax maximum and minimum? 

4. Calculate the co-efRcient of aberration due to the rotation of the 
earth on its axis, for an observer on the equator of the earth. 
Compare it with the co-efEcient of aberration due to the earth’s 
motion in its orbit. (Take velocity of the earth in its orbit =20 
miles per sec., radius of the earth =4000 miles, velocity of lights 
186000 miles per sec.) 

5. If p be the number of seconds in the annual parallax of a star, 
show that its distance is approximately 16/ (6p) light-years. What 

' is the distance in parsec? (Pat. 1048). 

6. If p be the number of seconds in the parallax of a star, and 8.^8 
. is the parallax (diurnal) of the sun, find the distance of the star^Ia 

, miles. (The radius of the earth =4000 miles. Log. table may be 
* used). 

7. At the solstices show that a star on the equator has no aberration 
in declination (Andhra 1041). 

8. ,Show that, owing to aberration, a star at the pole of the ecliptic 

appears to describe a circle round its true position in cdhrse of a 
year. (C.U. '39, '47. Dac. ’36). 

Show also that, due to aberration, a star on the ecliptic appears to 
oscillate to and fro in a straight line in course of a year. 
(Nagpur. 1040). 



15. s'j;ellae astronomy 

15.1. It has been remaVked in sec. 2.1 that the ancients 
regarded stars as fixed. ITalley, in 1718, first detected changes 
ot positions of a few stars by comparing observations of his own 
time with those of the ancients. Today there have accumulated 
abundant observational data of sucH changes. The sun — in 
reality a star — is also in motion, as we shall see presently. Let 
O be the mean position of the observer (/.e., 
the sun) (-Pig. 15.1). Let S and S' be the * 
relative positions of a star at the beginning and 
the end of 114 interval, say, a year. Draw 
S'M perpendicular to OS. SM and S'M are the 
displacements along and perpendicul'ar to the 
line of sight. The latter causes an angular 
displacement which is called Proffjer motion 
and of which and /^b of equation (14.6) 
are the components. The radial displacement 
SM ^ 8 n not be directly perceived. It can 
however be measured by the spectroscopic 
method explained in sec,. 7.2. Proper 
motion, as rulready mentioned in sec. 14.0, 
is measured by direct observation of positions at 
intervals of, say, 50 years; or better I)y com- 
paring stellar photographs at intervals of a 
shorter • period, say, 20 years. Theories of 
motions of stars as a system have been built 
on the accumulated data of both proper motions and radial 
velocities. We shall take them up presently. First, we shall, 
in the next two sections, deal with binaries and variable stars, 
the study of which help us to extend our knowledge of stellar 
distances. 



15.2. Sometimes a star appearing single to the naked eye is 
resolved into a pair in the telescope. Such st.ars, and generally 
two stars found very close together, are called Double stars. 
Double stars may not be physically connected : their lines ot sight 
may be close only by accident, it should however be remarked 
that the probability of such closeness due to chance can be 
calculated and is found to be very small. 

In the cases of many pairs however, each star has been 
definitely found to revolve relatively in an orbit round the other. 
Obviously they are under mutual gravitational influence. The 
period ot revolution is usually several years and considerable 
time is Required for observation. Pairs for which the periods are 
still* longer may have escaped notice on account of the 8 hoi*t 
time they have been under observation and may be wrongly 
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supposed not to be physically connected. A pair of stars which 
have been definitely found to move rcJUnd each other* under 
mutual gravitation is called Binary stars or simply a Binarij, 


Let and m^ be the masses of the two components of a 
binary, r^ and r^ their mean distances from the common centre 
of mass G and P the periodic time. 

We deduced equa- r, 
tion (8.6a) on J 

assumption that the 

orbit of the earth Pig. 15.2 

round the sun is a circle. The same relation, it -is known, holds 
for elliptic orbits if Jl the wean distance apart. For the* 
binary system therefore we have the similar equation 

mi + III, 

vhcre G' is the constant of gravitation ... (15.2). 


Ihe plane of the orbit of a binary is rarely perpendi©lar to- 
tlie line of sight; the observed orbit is usually an oblique projec- 
tion of the actUid, on th^ celestLl sphere. The true orbit caji 
be m.ilhematic'illy obtained from a sufficient number of observa- 
tions, though the scale is not known till the parallax is known. 
In a few cases ]>arall?ixes have also been obtained ; so in equation 
(15.2) above both r^ -f-r^and P are known, in^+m^ therefore 
follows. Tt has been found that the sum is of the order of twice 
the mass of the sun. Conversely, when the parallax of a binary 
is unknown, on the assumption that +m^=2xmass of the 
sun, an estimate of r^ and so, the parallax of the system, 
follows from the equation (15.2). 


Certain binaries are not resolved into their components even 
ill a telescope, but their binary character and full information, 
legarding their orbits are revealed by spectroscopic methods. 
fc)uch binaries are called spectroscopic binaries. 

' f 

15.3 There is an interesting class of stars whose apparent 
brightness does not remain constant. They are called variables. 
In one of the different types of variables the light-curve i.e., tfao 
graph showing the variation of observed brightness, is extremely 
regular. Ah example is the light curve of Algol, represented in 
Fig. 15.3a. Variables of this type have b^en interpreted aa 
binaries one of whose components is dark and periodically 
eclipses the other which is bright. The dimensions of (he com- 
ponents as well as lihe particulars of the orbits can be specified 
so as to explain fully the variation of light. Such variables are 
qalled Eclipsing variables. 
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Days ^ 

Fig. 15.3b* 

There is a second type of variables known as C^pheid 
variables ; the light-curve of sCephei, represented in Fig. 15.3b, 
is typical of this class. The variation of light of the Cepheid 
variables is believed to be due to pulsation i.e., periodic expan- 
sion and contraction of the star itself. The consideration of 
Cepheidt and other types of variables properly belongs to Physical 
Astronomy and is beyond the province of our discussion. We 

* Figs. 15.3a and 16.3b do not represent accurate graphs; they are \o 
convey a general notion of the changes taking place. 
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should only mention that there has been established a period-^ 
luminosity relation among the Cepheid variables (here luminosit^^ 
means absolute brightness, in other words, brightness when at a 
standard distance) which enables us to find distances of systems 
containing Cepheids at incredible depths of the universe. 

15.4 From the proper motions known in his time, Sir 
"William Herschel observed that stars in one region of the sky are 
‘spreading out* and those in the diametiically opposite region 
“closing in**. He concluded that the effect was due to the motioii 
of the sun towards one region and away from the other. The 
point of the sky towards which the sun is moving is called the 
solar apcx\ and tlie opposite point the solar anfapex. The 
relative displacement of a star due to solar motion (and not due 
lo the star*s own motion) is called Parallactic displaccmevi. 

Presumably, stars possess individual motions over and above 
the parallactic. Asijuming individual motions to be random, 
their effect is elimindted b^y combining the proper motions of 
several stars in any small region, so that only the i)arallactio 
•displacement stands out in the average. But for such* averaging, 
stars should be chosen judiciously. For, groups of staij^ often 
possess common motions; the calculated j)arallactic displace- 
ments and therefore the derived position of the solar apex will be 
biased if a disproportionately large number of stiirs of a group 
enter into the solution. Instead of proper motions’ of stars their 
ladial velocities may also be employed for the calculation of solar 
motion; and both kinds of data yield the same result; namely, 
the co-ordinates of the solar apex are R.A.=270®, Decl.=30®, 
and the velocity of the sun is 13 miles per second. 

It should be remarked that the solar motion so obtained is 
with reference to the centre of mass of the stars employed in the 
calculation. Such stais are really members of the local clustpr 
J.C., of the group in the immediate neighbourhood of the sun. We 
shall learn further on that this* cluster has an enormous velocity 
with reference to the centre of the Galaxy W'hich constitutes the 
entire universe of stars, barring systems called extra-galactic. 
Extra-galactic systems are characterised by their enormous dis- 
tances and surprisingly large velocities. 

Solar motion, being the individual motion of one star among 
mady, is not of particular interest by itself; it*? importance arises 
from the facT that it is needed in the reduction of observed 
mot|oi1s of stars in general. 

'15.5. Considering stars in the sky as a whole, it is at once 
apparent that there is marked concentration towards the Galaxy. 
The cloud-like appearance of the Galaxy itself has been resolved 
in the telescope into a dense crowd of very minute stars which 
rre presumably very distant. The Herschels, father land son, 
made extensive count of stars in all parts of the sky, and the 
following tabW is based on their observations. 
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TABLE SHOWING CONCENTRATION OF STARS TOWARDS THE GALAXY 

North galqftic Average number of stars 

latitude zones per field of 15" diameter 


DO* 

to 

75“ 

4.32 

75“ 

to 

60“ 

5.42 

00“ 

to 

45“ 

8.21 

45“ 

to 

30“ 

13.61 

o 

o 

00 

to 

15“ 

24.09 

15“ 

to 

0“ 

58.43 

0“ 

to- 

15“ 

59.06 

-15“ 

to- 

30“ 

26.29 

o 

o 

CO 

1 

to- 

45“ 

13.49 

-45“ 

to- 

60“ 

9.08 

-60“ 

to- 

75“ 

6.62 

-75“ 

to~ 

90“ 

6.05 


Tt is estimated — assuming that greater concentration means 
that stars spread out to a greater distance — that the galactic 
system of stars is of the shape of a very oblate spheroid, the 
larger diameter of which may be eight or ten times the smaller. 
The noithern galactic pole is estimated to be at H.A. = 190® and 
I)ecl.=28®. The sun is situated a little north of the central plane 
and his distance from the centre may be of the order of 40000* 
light-years. The distances ot globular chiafers (/.c., spherical 
formation of stars frequently met wdth in the sky) can be found 
by indirect methods, such as that mentioned in sec. 15.3 and 
come out to be enormous. Obviously thev do not belong to our 
local cluster and do not pertake of its motion. It i^ therefore 
possible to estimate the speed of the local cluster by taking the 
average of the observed speeds of the globular clusters; for, on 
averaging, the individual speeds of the globular clusters are 
eliminated. In this W’ay it has been estimated that the speed of 
our local cluster is of the order of 150 miles per second. 

16 , 6 . We now take up the question whether this enormous 
galactic system of stars has any motion as a whole.* The answer 
is given by the works of J. H. Oort. Oort based his results on 
ladial velocities of stars. Observation of radial velocity is possible 
even for verv distant stars and can be carried out with high 
accuracy. The raejial velocity is also immediately available and 
one is not required to wait for a number of years as in the 
determination of proper motions. Assume that there is rotation 
of the galactic system about a centre tsonsiderably distant from 
us. Since stars obviously do not revolve as a solid body, their 
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CENTRA 

15. Ga 


“velocities will decrease with distances from the centre of rotation 
according to the law of gravitation [c/. equation (8.5)]. 

^ ^ . Let Pig. 15.6a 

^ represent the actual 

velocities of stars* by 

• > > > the lengths of the 

straight lines, at 

^ ^ ^ different distances 

— > y y from the centre. The 

centre is very far 
away in the direction 
of the arrowhead. 
Fig. 15. 6h similarly 
represents the rela- 
tive velocities with 
respect to the obser- 
ver, supposed to be 

^ in the middle row. 

The observed radial 
velocities shouj^ then 
• be as shown in Fig. 

15.Gc*. Stars in a 

^ particular direction 

will scorn to ap- 
})roach, and those 
in the perpendicular 
direction to recede 
from, the observer. 
Actu al observal ion 
bears out this pecu- 
liarity of radial velo- 
cities of distant 
stars. This constitutes an 
evidence in favour of the 
theory of rotation of the 
Galaxy. The position of the 
centre of the galactic system 
and the period of rotation for 
zones near the sun can be 
deduced from the effect of 
differential rotation discuss- 
ed above. The period has 
been found with a fair degree 
of accuracy to be 250 million 
years. The position of* the 


CENTRE 

Fig, 15.6b 
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Pig, 15.6c 


centre of the galactic^ system 


deduced is in fair agreement with results arrived at by other 
i^ethods^ We. cannot do better than close the subject with a 
ipw remarks of Eddington: 



128 


A TEXT-BOOK OF ASTRONOMY 


'‘We may now sum up the evidence for the hypothesis of a 
rotation of the galaxy. An effect resembling differential rotation" 
— i.o., the effect discussed by Oort. — ^“is observed in all classes- 
of distant stars and also in the cosmic cloud pervading the 
system. These give consistent indications of the direction of the 
centre and they agree also as to the amount of diffewntial 
lotation. The evidence from proper motions has small weight, 
but for what it is worth it supports that from spectroscopic radial 
velocities. * ^ * Our large orbital velocity of 200-300 km. per 
sec. is confirmed to some extent by observation*? of globular 
clusteis and spiial nebulae wdiich are too lemote to pertake of 
it. ^ ^ ^ Finally tlie very oblate shape of the stellar system 

is strongly suggestive of rapid rotation ; and in the spiral nebulae, 
which are believed to be patterns of our galaxy, the rotation can 
be directly observed and measured."’*' 


* The Uotaixon of the Galaxy, p. 18. (The Halley Lectures delivered 
on May 30, 1930). 
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A. I. Determination of latitude and longitude of a place is 
essential in (i) map-making and (2) navigation. In map-making 
the relevant astronomical observations are made on land; but in 
navigation they have to be done at sea. On account of motion 
and rocking of ship observational methods employed on land are 
not available at sea. On land the transit instrument or the theo- 
dolite may be used; but at sea a different instrument called the 
sextant must be used in their place. Methods of observation must 
also be varied to suit the circumstance. 

The piinciple of determination of latitude, in both cases, is 
the same: 

(i) By meridian obsermtion: The meridian altitude of the 
sun or a known star i,e,, of a star whose R.A. and Dec!., are 
known, is observed; and the latitude is obtained from eq^tion 
(5.1b). It is to be understood that z in the equation the 
Z. D. corrected for refraction etc. 

.The meridian is not accurately known at sea. So in order to 
find the meridian altitude of a celestial body, observation of alti- 
tudes is begun a little time before the body comes to the meridian 
and is continued a little time after it has crossed it. The greatest 
altitude obtained is then taken to be the meridian altitude (sec. 
2.4). It two stars, one north and the other south of the zenith, 
be observed and the average of the latitudes deduced be taken, 
most of the eriors of observation are either cancelled or consider- 
ably leduced. For, let z^, < 5 ^ be the Z,D. and Deck, of the 
northern and z^, those of the southern star. Then the latitude 
of the place fij is given by < 5 |~Zi and 4 ^— ^a-j-z, and the 


average value — 




2 


SO that the errors of observation 


of z, is set against the errors of observation of z^. Some of the 
errors, for example the error of the dip of the horizon, instrumental 
errors* asnd personal error which are the same for both observations 
are therefore cancelled. Error of refraction is also considerably 
ledqced. , 

(2) By ex-meridian observation: Let Z and P be the zenith 
and the pole of the observer and S a known star not on the meri- 
dian. Let z be the Z. D., corrected for refraction, of the star; and 
t the time of observation. Then in the triangle ZiPS, ZP=90* — 97, 
ZS=z, SP=90®- d , / ZPS=t- x, where |ac =the R.A. and 
6 = the* Deck, of the star, and ^ is the latitude of the^lace. 

We therefore have a relation between t and ^ . If t be unknown, 
observe a second star and note the interval between the two 
observations. We thus have a second relation among the qoanti- 
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ties mentioned. Solving the two equations both the latitude ^ 
and t are obtained. 

A. 2 . The observAion required is that of the altitude of a 
celestial body. And as already mentioned the instrument used 
at sea is the sextant, » 

We first prove a lemma which is useful in understanding the 
working principle of the sextant. 

Lemma : — If 0 be the angle by which a mirror is rotated, 
2 6 will be the angle by which the reflected ray from a fixed 
source is rotated. N N' 

Let AB be a mir- 
ror and CN the nor- 
mal to it at C. Let 
the ray DC be re- 
^ fleeted along CE; 
then Z DCN — 
A ^ ^ ^ B Z ECN - tp , say. 

^ ^ Now suppose the 

mirror to be rotated 
Fig. A.aa to the dotted posi- 

tion, through an angle o • Let CN' be the altered position of 
the normal and CF the altered direction of the reflected ray. Then 
Z NCN'- 0 , Z DCN' - /_ FCN'- lFCN=(p + 20, 

The sextant consists 
of a graduated arc of a cir- 
cle AB bounded by two 
arms OA and OB through 
the centre O; while a third 
arm OC is movable about 
the centre. A mirror L, the 
upper part of which is un- 
silvered is fixed to the arm 
OA; another mirror M is 
fixed to the movable arm 
OC at O. In the zero posi- 
tion of OC, the two mirrors 
are parallel. There is a 
telescope T fixed to the 
instrument sev that an object 
can be viewed through the 
unsilvered part of the mir- 
ror L, at the same time that 
a ray incident along the arm OA is reflected into the telescope by 
the silvered part. 

Svppose in the sextant the movable arm is at OC when the 
image of a star S is seen by double reflection at M and L to be 
coincident with a point of the horizon. Let SoO be the horizontal 
direction. Consider a ray of light to proceed in the reverse di- 


Z ECN - Z ECF =-2 0. 



Fig. A. 2b 
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rection along LO; it will after reflection at L proceed along OS. 
We know that in the zero position of the ^rm the ray LO after re- 
flection proceeds along OSo-' Now / SOS o is the angle through 
which a particular reflected ray has rotated as the^ mirror is rotated 
from the zero position to the position OC. Hence /SOSo® = ^ 
where B is the angle through which the arm OC has been turned 
from the zero position. 

Usually the graduations on the arc show double the actual 
angles. So the angle £ SOSo which measures the altitude of 
the star S can be directly read on the arc. It may be noticed that 
the setting of the instrument for observation of altitude is not dis- 
turbed by any small displacement of the sextant in its own plane; 
and this fact makes it useful as an instrument' for observation 
at sea. " ^ 

A. 3. In order to determine the longitude of a place, we 
should know simultaneously (i) the local time and (2) the Green- 
wich time. For we know that if the longitude of a place west of 
Greenwich be L\ then (Greenwich time) - (local time) = L hours 
so that L is determined when the difference of the two ti^s are 
known. ^ 

The first must be found by observation: in a fixed observa- 
toiy the sidereal clock maj^ be set by the transit of a known star; 
the local sidereal time can then be got from the clock. At sea the 
time of transit of a star must be interred from the times when two 
altitudes of the star are equal; the time of transit is the time 4t the 
middle of the interval. It should be noted that while the meri- 
dian altitude is secured by observing the greatest altitude reached 
by a body, the time of transit cannot be obtained with precision 
by observing the time when the altitude is the greatest; for altitude 
remains the same near the maximum value for a considerable 
time. Ex-meridian observations may also be utilised, as explained 
in SEC. A. I, because besides the latitude of the place of observa- 
tion, the hour angle of the observed star and so the local sidereal 
lime is obtained. 

To find the Greenwich time we may 

(1) carry chronometers set to Greenwich time on the ship 
or to the point of survey; 

(2) establish, in case of land observation, electric connection 
with a place of known longitude for recording simul- 
taneously the times of transit of a known star at both 

^ the places, and find the interval between the transits; 

* (3) depend on radio signals by which the errors and rates 
of the chronometers may be checked at short intervals. 

Formerly the method of 'lunar distances* was used to find 
Greenyirich time at sea. The movement of the moon among stars 
is fairly quick; and J^he distances of the moon from stand&rd stars 
at different Greenwich times used to be recorded in the nautical 
almanac. By observing the distance of the moon from a suitable 
sfar Greenwich time might be obtained by interpolation in the 
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table. Certain complicated corrections had however to be applied 
to reduce the distance to one which would be observed from the 
centre of the earth, becaufe the almanacs gave the distances as seen 
from the earth's centre. The method is not capable of any great 
accuracy and the publishing of lunar distances in the nautical 
almanac has been discontinued. 

A. 4. Another method, known as Sumner method, of find- 
ing the position at sea is as follows. Let the zenith distance z of a 
known star and the Greenwich time at the instant be observed. 
The position on the earth's surface where it would appear at the 

zenith is at once known. The posi 
tion is called the sub-stellar point: 
if the sun be observed the posi- 
tion is called the sub-solar point. 
The ship is then on a small circle 
on the earth at a distance z from 
the su^j-stellar point. Draw such 
an arc of a small circle on a map. 
Since the position of the ship is 
always roughly known, only a 
small line need be drawn. Let 
AB be such a line (Fig. A.4). ,A 
second line from a simultaneous 
observation of a second star, fixes the position of the ship by its 
intersection with the fiist. But since simultaneous observation 
is neither possible nor convenient, suppose the second observa- 
tion is made after a known interval. An estimate ot the distance 
travelled by the ship in the interval can be made by what is known 
as ' dead reckoning.' Draw A'B' parallel to AB where EE' is the 
distance travelled by the ship. The ship is then on A'B'. Let 
CD be the second Sumner line at the instant. The point of in- 
tersection, P, of the two Sumner lines is the position of the ship, 
and can be at once read from the map. 
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DetermituUion of the stationary position of a planet. 

First let us consider the case of an inferior planet. Refer to 
Fig. 8.7 where S, V, E are the sun, the inferior planet and the 
earth respectively, when the planet is in inferior conjunctioii. Let 
E remain fixed and the planet occupy the relative position V, 
when stationary; the components of the velocities of the earth and 
the planet perpendicular to the line of sight EV, must be equal. 

Let v,= velocity of the earth, Vj= velocity of the planet r, = 
radius of the earth's orbit, »r^= radius of the planet s orbit, ?> = 

/ SEV,, the elongation of tHfe planet when stationary, 9 » / ESVj. 
If t be the interval between the inferior conjunction and the 
stationary phase and T the synodic period of the planet, then 
fl=2«xt/T. We must havi, v, cos9=v_; cos (e+ ^). But by 
equation (8.5), 


vi 


. -PU X cos 1 ? cos(v + e)^ _ , 

V2"="-\|r2. Therefore 7 , “ . v.” 


1 ' - 1 ri V r2 

Also', from the triangle ESV), r,/ sin ( 0 + y) ^rj/siny 
Eliminating 6 from the two equations, we have ’ 
(r,/r,) cos*?) + (r,*/rj*) sin* ?> =i 
Or (r,/r,) cos*?) +(r,*/rj*) - (r,*/rjt*) cos* ?> =1 
whence cos* ?) = r, (r j + r, ) / (r/ + r^ r, + r, ®) 


(Bb) 


and v = cos-i / (fi + ^2) ~sin ' I r,* 

V r,* + r^ rj+Xj* \rj® + rir 2 + r 2 * 

To find the angle 0 we have from equation (Ba) 

cos(0 + v>)"’y' (rs/riT cos9>-\[^-^ \l- .. from (Be) 

Ti ri' +rir2+r2* 

if 

'ri^ + rjrajHr^ ^ 

"Therefore cos 9- ^ i-Lli' ij+£a) . 

v"ri* + rir2+r2^ I 'ri* + rir2+r2® 

- rira 

r,2i-rir2+r2’* 


Or cos 9— 


f.e.9-^cos-i- — -^,^^4-- (Bd) 

ri-vrir2+r2 • Vrir2+r2 

The equation (B.c.) rives the elongation at the stationary position 
^d the equation (Bd) gives the interval between the inferior con- 
junction and the stationary/ phase. 



APPENDIX C 


Calculation of the effect of collimation, level and deviation 
errors of the transit instrument. 

First suppose only the collimation error of amount c is pre- 
sent. The false meridian is represented by the small circle in 
Fig- 5-5C- Let a be the star on the false meridian. Draw <rM 
perpendicular to the true meridian; M=c. The interval between 
the passages of the star over the true and false meridians is pro- 
portional to the hour angle a PM which =aM-^' cos <5 =csec <> 

(compare sec 5.10) (C.a). 

Next suppose only the level eft*or of amount b is present. 
The position of the false meridian is as shown in Fig. 5.50 Let it 
be the star on the false meridian. Draw aa^ perpendicular to 
the true meridian. Since the afe perpendicular to the false 

meridian = b and iTj Z= tp d where y is the latitude 

of place and the declination of the object 

/cos(^ -<)) =b. And as before the hour angle <tP<T| — 

cos b =b cos (91 - d) sec d (C.b) 

Lastly suppose only deviation error of amount k is present. 
The false meridian is represented in Fig. 5.5c. Let a be the 
star on the false meridian. Draw itit' perpendicular to the true 
meiidian. ( <y and it' are not shown in the figure) Then as 
Z o' is equal to 9' - oa' /sin { tp - d ) =k; and the hour 

angle itPit' = aa' /cos d =k sin ( 9> - d ) sec b ... (C.c) 

Since in practice these errors are very small, their joint effect 
may be obtained by adding them together. In each case, the 
correction we have found is to be added to the observed time of 
transit. Hence the total correction to be added to the obse^ed 
time of transit in order to obtain the true time of transit is given 
by t=c seeb + h cos ^ ) sec <5 +k sin (9>- seed (C.d). 



APPENDIX D 


Astronomical Constants 


(i) The earth 

Longer semi-diameter 3963 miles 
Shorter semi-diameter s 3950 miles 
Mean density = 5.53 

Mass = 5 X 10”* tons. 

< (2) The sun. 

Diameter =864,000 iailes=io8 times the earth’s diameter, 
approximately. 

Mass = 329,300 times the earth’s mass. 

Mean denstiy = 1.42 approximately. 

Distance from the earth = 92,900,000 miles approximately. 
Diurnal parallalx = 8. "80. 

(3) The moon 

Diameter = 2160 m^ approximately = a little more than 
one fourth of the earth’s diameter. 

Mass = 1/81 times the mass of the earth, approximately. 
Mean density •= 3.34. • 

Distance from the earth = Between 222,000 and 253,000 miles 
*: 60 times the earth’s radius, approximately. 

Diurnal parallax = 57' 2. "70. 


(4) The planets. 


Planet Distance 

Periodic 

Semi diameter 

Number of 

from the sun 
(in terms of 
the earth’s 
distance). 

time (in 

tropical 

years) 

(in miles) 

Satellites 

Mercury .39 

.24 

1.504 

ail 

Venus .72 

.62 

3.788 

nil 

Earth i.oo 

1.00 

3.963 

3.950 

1 

Mars 1.52 

1.88 

2, 108 

2 

Jupiter 5.20 

11.86 

44.350 

41.390 

9 

Saturn 9.54 

29.46 

37.530 

33.580 

9 and 

3 rings 

Uranus 19.19 

84.02 

15.440 

,4 

Neptune 30.07 

104.79 

16.470 

I 

Pluto 39.60 

249.17 

• 
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5. TIME 

Length of the sidereal day = 23 hr. 56 min. 4.09 sec. 
Sidereal month = 2^.321661 days. 

Synodic month = 29.530588 days. 

Tropical year = 365.2422 mean solar days. 

Sidereal year = 365.2564 mean solar days. 
Anomalistic year =365.2596 mean solar days. 


(6) The celestial sphere 

Obliquity of the ecliptic = 23° 27' 8". 26 -46". 84T, where T 
is measured in centuries from 1900. 

General precession = 50". 256+. 0022" T, where T is mea- 
sured in centuries from 1900. 

Constant of aberration = 20". 47. 

Constant of nutation = 9".2i. ‘ 

Solar apex; R.A. = 18 hr. or 270°; Decl. = 34°. 

Galactic pole; R.A. = 12 hr. 40 min. or 190“; Decl. 28°. 

(7) Distances of a few barest stars 
Star Distance in light-year 

< 5 entauri, A, B, C 4.28 

Sirius A, B 8.6 

Procyon A, B ii.i 

61 Cygni A, B, ii.i 


(8) Miscellaneous 
Constant of gravitation = 6.658 x 10 - 
Velocity of light = 186,270 miles oer i 
I mile = 1.609 km. i cm. = .39 


C.G.S. units, 
per second. 



MISCELLANEOUS EiX^lBCISES 

1. Prove that when a star is on the meridian one-half of its 
visible path is accomplished. 

2. Two stars have declinations which are equal but one ndS'th 
and one south. Show that the time one of them is above 
the horizon is equal to that of the other below the horizon. 
(ANNAMALAI 1938). 

Show that for a place within the arctic or antarctic circle 
the points of intersection of the ecliptic with the horizon 
travel completely round the horizon during a sidereal day, 
but that for any other place they oscillate about the East 
and West points, "(andura '42 Part III). 

4. What is the lowest latitude in the arctic circle at which 
there is no twilight #t mid-winter? (Answer: 84 **32'). 

5. A and B are two 2 )laces on the earth such that the latitude 
of A exceeds that of B by 18® and A lies in the frij^ zone. 
Show that, if on any day A has the sun above tht^orizon 
continuously for 24 hr. B has twilight throughout night on 

, that day. (andhr.\ '42 Part II). 

<j. Show that all places on the earth at whiclf the sun rises 
at the same inst<int lie on a great circle. Show further 
that if 8 be the declination of the sun on any d4y the 
inclination of the above great circle to the equator is 90® —8 
. on that day. 

7. It a and b be the azimuth and level errors of a meridian 
circle, show that, in the absence of any other eriw, the 
time of transit of a star in a latitude 0 will be unaffected 
if its declination 8 satisfies the relation 

8— 0 = tan — 

a 

*8. If a, b and c represent the azimuth, level and collimation 
errors of a meridian circle, show that the error in the time 
• transit of a star due to the above errors will be a mini- 
mum for a star whose declination 8 satisfies the relation 
c sins = a cos 0 — b sin 0, where 0 is the latitude .of 

’ the place of observation. 

9. Show that a planet is in retrograde motion when it is 
nearest the earth. (annaMalai 1038). ^ 

10. When a superior planet is stationary, show that its angular 
distance from the sun is 

n 

^-tan ■■■; ?■■■ 

^/n + l 
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11 . 


12 . 


when n is the ratio of radius of its orbit to that of the 
earth. (C.U. 1916). 


If 0 be the angle si^^tended at the earth by the sun and a 
stationary point of a planet’s orbit and 0 the greatest 
elongation of the planet, prove that 

2cot0 = sec^+cosec 2 ' • (Patna Hon. ’48) 


The distance of a superior planet is n® times that of the 
earth, from the sun. Show that its retrograde motion 

n ^ 11 

lasts for'-T-TT — Tz cos —5 r-r of a terrestrial year. 

— 1) ii2— u + 1 

(ANDHRA '42 Part II). 


13. Assuming the orbits of both to be circular and co-planar, 
prove that the geocentric motion of a superior planet will 
be direct when the square of the distance of the earth from 
the planet is greater than t- 

(62~a=‘) (6‘^-a2) 

^ ^ 

(62+a=^) 

where a and b are the distances of the earth and the 
planet respectively from the sun. (ann\malai 1933). 


14. If < and be the semi-vertical angles ot the cones of 
umbra and penumbra of the earth and 0 the suns 
apparent semi-diameter show that 

2 sin 0 =siu<+sin<'. (Patna Hon. ’48). 

15. If a total lunar eclipse occur at the summer solstice, and 
the moon is seen in the zenith at the middle of the eclipse, 
find the latitude of the place of observation. (Answer: 
23*^28' S.) 


10. If f(r,p)=0 be the equation to the earth s orbit, shew that 

f will be the equation to the path which a 

star appears to describe in' consequence of aberration. 
(G.U., Hon. 1933), 

17. If K be the constant of aberration, V the velocity of light, 
G the constant of gravitation, M the mass of the sun and 
r the radius of the earth’s orbit, show that 
GM=rKiV2, 


18. If 1 ; and r^ (r being greater than r') be the radii of the orbits 
of two planets round the sun, show that the ratio of the 



MISCELLANEOUS EXERCISES 


XX 


relative velocities of the inner planet with respect to the 
outer at conjunction and opposition is 




19 . Prove that the aberration of a star situated at the first 
point of Aries is greatest at the equinoxes. 

20 . Show that when a planet is stationary its position is un* 
affected by aberration. (C.U. Hon. 1948). 

21 . If a, b and a', b' be the semi-major and semi-minor axes 
of the parallactic and aberrational ellipses respectively, 
prove that ab' = a"b‘ 

22. If at a place a star on the ecliptic has, at some time of the 
day, its displacement* due to aberration along a vertical 
plane, shoW' that the place must lie in the torrid zone. 

23 . If P be the distance df a star in light-years, p its parallax 
and k the coefficient of aberration, show that' * 

2irPp=k. 

24 . If I (I being greater than 66®32') be the latitude of a star 
pmve that its maxinjiim and minimum declination due to 
pieces^ion are 180® — .(;+co) and oo respectively where 
CO is the obliquity of the ecliptic. 


25 . 


If the proi)er motion of a star peiqiendicular to the liite of 
sight be per year and p** be its annual parallax then the 
velocity v of the star perpendicular to the line of sight is 


given by v = j^ 
in its orbit. 


V where V is the velocity of the earth 



ANSWERS TO EXERCISES 

f 

Ezerciae 1 

4. No; yes; one. 5. No. 6. Sides : lUO’-A, 180°-B, 180°-C; angles : 
180°-a, ISO’-b, ISO’-c. 7. Less than 4 right angles. 8. Two diametrically 
opposite points. 

EzereUe 2 

5 R.A. 100' and 280*. 



R.A. 

Decl. 

Latitude 

Long 

21st March 

... Oh 

0° 

0° 

0 

21st June 

... 6h 

23°28' 

0° 

90 

23rd September 

... 12h 

r 0° 

0° 

180 

21st December 

... 18h 

<* -23°28' 

0° 

270 


8. Rises at noon; Crosses the meiidian at sun-set (i.e., 6 P.M.), 9. 0 hr. 

12 min. A.M. (roughly); 11 hr. 48 min. P.M. (roughly). 10. 60°. 

Exercise 3 

( IT is taken to be = -7^ ) 

3. 3980 miles approximately. 4. 104.8 miles approximately. 5. .22 
inches. 6. 30°. 7. 2.64 ft. (Distance of the top of the post from the 
earth’s centre := 4000 miles). 8. 698 miles approximately. 

Exercise 1 

1. (i) 38°28' (u) 38°28'. 2. 83°28'; 36°32'. 3. (i) No; (») Yes. 

5. 45°. 6. 48° 32'. 7. 65 days approximately (rate of change of declina- 
tion is assumed uniform). 8. Latitude of the place =0° and declination 
of the star=0°. 9. 23° 28'. 10. 47°15'49"; 39°2715". 11. 59«46'. 

13. (0 18hr.; 66°32' (it) 6hr. ; 23°28'. 14. 89°26'. 15 10° and 20°. 

17. (i) lOhr. 6bmin. 4sec. P.M. ; (n*) lOhr. Imin. P.M. 18. 24hr. 

2C. Latitude of the place. 


Exercise 5 

Q 2 2 4 n. c 


Exercise 6 

2. 9° (taking cos 9° =.9876). 3. 50 miles nearly. 4. 44°58'53" nearly. 
4 2+43".7 nearly. . '• 

6, 1+-- — ^ where all the angles are in radians. 

tau7i+tauz2 

^ Exercise 7 

1. 865682 miles nearly. 2. 945 days nearly. 3. 1/60 nearly. 4. 18.6 
miles per sec. 5. 28 days nearly. 
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Ezerdse 8 


1. 329100 nearly. 2. d sec (78*^45') where d is the sun's distance 
from tlie earth. 3. 129.6 days nearly. 4. iTonus’ motion— retrograde, 

Jupiter's motion— direct. 6. 6. .59 years or 215 days nearly; 

2 

626 days nearly. 7. 90®; 90®— 8. 6/17. 9. 263 days nearly. 
10. 1''.48; .71" approximately. 11. (t) proportional to <ir~Sin-^ (25/38); 
(») tan-i X.52. 


Ezerclse 9 

3. About 244 days. 

*Ezerci8e 10 

2. Latitude-28®28'. 3. (i) (2000/537)2n ; (ti) {2000/537)2m.cot2 
M'here Q is the elongation of the Moon. 4. 21®32'; 68®28'. 5. 135/7 
degrees. 8. 61®32^ 9. .07 apjhroximately. 


Exercise 11 

1. 1®54'. 2. 16/57. 3. 92800000 miles correct to the first three 
significant figures. 4. 936585,' miles nearly. 5. cos-i(k/p). 7. 8 hr. 
8. .26\npproximately. 



Exercise 12 

1. 20952 miles neaily. 2. (t) 550/861 t.e., 16/25 miles per sec. nearly; 
^l 1 ) jr miles per sec. nearly. 3. parallax of the moon+parallax of the 
sun— angular radius of the sun; the numerical value varies according to 
the values of the different quantities. 5. 972 miles per hour nearly. 


Exercise 13 

1. 5 min. 20 sec. P.M. ; 5 hr. 9 min. 20 sec. A.M. 2. 36®30' west 
longitude. 3. 6 hr. 47 min. 12 sec. 4. +2 min. 30 sec. 5. 1 day should 
bo subtracted after 3600 years. 6. 3 hr. 38 min. 38 sec. nearly. 7. '25th 
October. 8. 7 hr. 18 min. 48 sec. A.M. 


Exercise 11 

(t) A small circle of polar radiusssin-^ (</k) where < is tlie 
displa&ment and k is the coeflUcrent of aberration; (a) two. 2. Maximum 
oil June 21 and December 21; Minimum on March 21 and September 23. 
3 Aberration is maximum on June 21 and December 21; minimum on 
March 21 and September 23. Parallax is maximum on March 21 and 
September 23; minimum on June 21 and December 21. 4. C.32 sec. 
approximately; 11 ; 756. '‘5. 1/p parsecs, 6. (19.34 xl0i2)/p miles nearly. 



UNIVERSITY QUESTION PAPERS 


Oalcntta Univenity 

SYLLABUS OF PASS COUBSB 

The subject ta to he treated fnathematieally but without the use of 
s^phericel trigonometry 

1. The earth. 2. Astronomical co-ordinates. 3. Astronomical clocks 
Transit Instrument, Meridian Circle and Equatorial. 4. Atmospheric 
Befraction. 5. The Sun and the Solar System. 6. Parallax. 7. Determination 
of the First Point of Aries. 8. Precession, Nutation and Aberration. 
9. The Moon. 10. Lunar and Solar eclipses. 11. Measurement of time* 

12. Determination of Latitude and Longitude by simple methods* 

13. The fixed Stars. 


SYLLABUS OF HOMOUJtS COUBSB 

Theoretical The subject of the Pass Course treated more fully. 
if^jLndidatee will be expected to possess an elementary knowledge of 
spherical trigonometry and to apfj^y it to the discussion of simple problems 
in Astronomy,) 

Pbactical : — The students should be required to make observations* 
with a view to — 

(1) the determination of Latitude; (2) the determination of Time; 
(3) the determination of Longitude; (4) the determination of Azimuth;. 
(5) the use of methods suitable at sea ; and (6) the plotting of the apparent 
path of one planet among the stars. 

PASS PAPERS 


1944. 

1. (a) Define (i) prime vertical (li) zenith distance (iii) right ascen*^ 
bion (iv) hour angle, of a heavenly body. 

What is the hour angle of the sun at sun-rise on the 21st March? 
What is the highest latitude, north or south, at which it is possible to 
see the sun in the zenith at noon? 

(b) What are the equinoxes? What is the equinoctial colure? How 
would you distinguish a fixed star from a planet? 

2. Explain the phenomenon of twilight. On what factors does its 
duration depend? Why does the duration in the same place vary accord* 
ing to the season of the year? 

Can twilight la^ all night at Catcutta? Give reasons for your answer. 

3. (a) What is the geocentric parallax of a heavenly body? Show* 
that it ^varies as the sine of the apparent zenith distance of the body. 

(b) Compare the effects of diurnal parallax with those of atmospher^ 
refraction. 
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4. What are ecliptic limits? Determine the greatest and least number 
of eclipses possible m a year. 

Find approximately the maximum duratioi^of an eclipse of the moon. 

5. What is the equation of time? 

Assuming the greatest equation of time due to obliquity to be greater 
than that due to eccentricity, prove that the equation of time vanishes four 
times a year. 

How many times a year would it ^vanish were the magnitudes of the 
maxima reversed? 

6. C») Define— (i) Civil year (ii) Tropical year (iii) Anomalistic year. 

(b) What is the Julian calendar? Explain what is meant by the 
Gregorian correction. 

(c) How would you reduee a given interval of mean time to sidereal 

time ? * 

7. Assuming that on a certain day at Greenwich the Bight Ascension 
of the mean sun was 10 hours gt 12 o'clock, fin^ for a place whose longi- 
tude is 60** west, the time by the ordinary clock on the same day, when 
the time by an astronomical clock at the place was 14 hours. (Correction 
for Greenwich time being 1 min. 18 sec. due to the change id^mean 
sun’s R.A.) 


1946 . 

1. Define— celestial meridian, prime vertical, celestial latitude,* hour 
angle. 

Explain Foucault's pendulum experiment to prove the earth’s rotation. 

2. Describe a transit instrument and define accurately its line of 
collimation. 

A circumpolar star crosses the meridian at altitudes 10° 11^ IT’^ and 
72° 15' 31"; find the latitude of the place and the star's polar distance. 

3. What is the cause of twilight? 

Does twilight ever last all night at Paris (latitude 48° 50^? Gfve 
reason for your answer. 

Prove that the duration of twilight depends upon the latitude of the 
place and the declination of the sun. 

Find the lowest latitude at which it is possible to have a mid-night sun. 

4. Prove Bradley’s formula for the coefficient of refraction, and state 
accurately what observations have to be made in applying it. 

a direct explnation of the effect of aberration on the position of 
fitars and indicate on the celestial sphere the point towards which they are 
displaced. 

5. State the causes of a solar eclipse, and explain under what cifcnma- 
.nces it is (a) total (b) partial or (c) annular. 

What are the causes of a lunar eclipse? Why does not tiie phenomenon 

ir at every full moon? How are the lunar ecliptic limits found? 
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d6. Define the * 'equation of time'* and state from what causes it 
rise^. llow does its magnitude vary throughout the year? What is its 
greatest value? How many times a year does it vanish and on what dates? 

Express in mean tim^ an interval of 12 hr. 16 min. 26 sec. 

1946. 

1. Define — ecliptic, celestial latitude, terrestrial latitude, zodiac. 
Prove that the altitude of the celestial pole at any place is equal to the 
latitude of the place. Prove that the altitude of a star is greatest when 
on the meridian. 

What lb the hour angle of the sun at sun-rise on the 21st. March? 

2. Give a proof of the earth's rotation from the experiment of let- 
ting a body fall from the top of a high tower. How do you eliminate 
the error of eccentricity of the meridian , circle ? Find the zenith point of 
the meridian circle. 

3. Find the co-efficicnt of refraction by Bradley’s method. What is 

the advantage of this msMiod, and what il^'e its disadvantages? Prove that 
the effect of parallax on a heavenly body is to depress it in the heavens 
The ^un's horizontal parallax is find the true zenith distance 

corr&ponding to an observed zenith distance of 60**. 

4. Explain the phenomenon of seasons. Explain the phenomenon of 

Harvest moon. r 

5. Describe Flamsteed’s method of finding the Right Ascension of a 
star. What are its edvantages? 

r 

State the causes to which the equation of time is due. Given that the 
bun robo on a certain date at 6 hr. 56 min. and set at 4 hr. 32 min. ; 
find the equation of time. 

6. Find the minimum and maximum number of eclipses of the sud 
and the moon in a year. 

Find the duration of twilight at the equator during the equinoxes. 

Find the latitude of the place for which twilight just lasts all night 
when the sun’s declination is 16 ’’N. 


1947. 

1. Define — ecliptic. Zodiac, Right Ascension, Celestial latitude! 

Give proof of the earth's rotation from the experiment of letting a 
.body fall from a high tower. 1 

2. Describe the transit instrument and explain how it is corrcibted for 
the various errors to which its readings are subject. 

How do you fifid the pole by observation of the transit of a circum- 
polar star? ^ 

3. Enumerate the different causes which produce an apparent chanj(e 
in the position of a body, and explain the change produced in each ca8e||. 
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Prove that, owing to aberration, a star actuated at the pole of the 
ecliptic will in the course of a year appear io revolve round its true position 
in a circle. 

4. Explain the phenomenon of the seasons. 

Explain what is meant by twilight, and prove that the duration of 
twilight depends on the latitude of the place and the declination of the 
sun. 

5. Describe Flamsteed's method of finding the Bight Ascension of a 
star. What are its advantages? Discuss the effect of precession upon the 
result. 

6. State the causes of a solar eclipse and explain under what circums- 
tances it IS (a) total, (b) partial and (c) annular. 

State the causes to which «the equation of time is due; and establish— 
length of afternoon minus leng^ of morning = twice the equation of time. 


1948. 

1. Define : Azimuth, Bight ascension, -Hour angle and Q^estial 
latitude. 

Qive a proof of the earth's rotation from the experiment of letting a 
body fbll from the top of a high tower. 

2. ^ind the coefficient of'Wraction by Bradley's metibod. What is 

-r .Vantage of this method and what is its disadvantage? 

The apparent zenith distance of a star at lower and upper culminations 
are 75° 3' 13.2'^ and 1°53' 18.6'' south; the amounts of refraction in the 
two observations are 3' 41.9'^ and l.Q'' respectively. Find the latitude of 
the place and declination of the star. 

3. Prove that the velocities of two planets round the sun are inversely 
as the square roots of their diedinces from the sun. 

The greatest and the least apparent diameter of the sun are 32^ Sb'' and 
31' 32*^ respectively; show that the eccentricity of the earth's orbit is 
approximately 1/60. 

4. Define 'diurnal parallax' of a celestial body. Find the amount of 
diurnal ^rallax of a celestial object whose zenith distance is given. 

The sun's horizontal parallax is If its observed zenith distance 

be 60°, find its true zenith distance. 

Calculate the conditions for (a) a lunar, and (b) a solar eclipse. 

bA are solaf and hmar eeKpiie bmtts found? 

6. What Is meant by the 'equation of time* ? 

Prove by reference to its causes that tbe equation of time voaiahea 
^nr timbs a year. 

J The longitude of Paris is 2*201S, and the longitude of Pobiin la 
^^40^. Find the locat time at ]>ablin when it is 12h. 6m. at Paris. 
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Patna VniveraUy 

1947 (Pass) 

1. (a) Define the ternyi Bight Ascension, Azimuth, Declination and 
CeWstial Longitude, and represent them in a figure. 

{0) At the bummer solstice the meridian altitude of the sun is 
76®. What is the latitude of the place? What will be the meridian alti- 
tude of the sun at the Winter solstice? 

2. (a) Enumerate the errors to which a Transit Instrument is liable, 
and explain how the deviation error may be detected. 

(6) The zenith distances of a star at lower and upper culminations 
are found, after correcting tor refraction, etc., to be 76®4' and 2®52'S. 
respectively. Find the latitude of the place. 

3. (a) Find ^Jie duration of twilight at the equator during the 

equinoxes. , 

(b) Prove that the apparent motion of Mars is retrograde when we 
are closest to it and direct when we are farthest from it. 

4. (a) Pro>e that tl^iparallax of a hi^venly body varies as the sine 
of its apparent zenith distance. 

(6) The observed altitude of a star is found to be an angle whose 
sine id/S ; calculate the true position of the star, given that the co-efficient 
of atmospheric refraction is 58.'^. 

5. (a) Explain the occurrence of a solar eclipse and discuss the 
circumstances ynder which it is (i) total, (ii) partial, and (iii) annufir. 

(6) Convert 22h. 26m. Is. sidereal time into mean solar tim#^ being 
given the R.A. of the mean sun at mean noon as 20h. 4m. 17s. 

1948 (Pass) 

1. Describe the theory of Foucault’s Pendulum Experiment for 
proving the earth’s rotation, and give a short account of his experiment. 

Why is the sun never seen in the aenith at Patna (Lat. 25®30’N.)? 

2. Indicate Bradley’s or any other method for determining the co- 
efficient of astronomical refraction. 

An altitude of a star is observed and found to be the angle whose 
^ne IS 5/13. Calculate the true position of the star, assuming the amount 
of refraction at an altitude of 46® to be 68.2’’. 

3. {a) Explain the direct and retrograde motions of superior and 
inferior planets. 

(6) Venus is an evening star and Is stationary. Find which way 
she begins to move. ' 

4. Indicate a method for obtaining tEe annual parallax of Jupiter. 

If p be the number of seconds in the annual parallax of a fixed 

star, show that the fime taken by lig^t to reach us from this star is 
approximately, 16/5p years, [velocity of light =186,000 miles per /lecondr.-jy 

5. throve that the length of afternoon minus the length of morning 

equal to twice the equation of time. * ? 
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Given 'Mean time at Greenwich lOh. 30ni. 408. » convert it into 
sidereal time at the rame place if the Right Ascension of the sun at the 
previous Greenwich mean noon is 18h. 12m. Sis. 

1947 (Supplementary Passj 

1. (a) Show how the latitude of a place can be determined by observing 
the meridian altitude of a star of known declination. 

(b) What is meant by a circumpolar star? What is the limit of 
^declination for stars which are circumpolar in latitude 6CN. ? 

2. (a) Define the synodic period of a planet, and show how to find its 
Periodic time when the synodic period is knowh. 

(b) The greatest and least apparent angular diameter of the sun are 
32' 36" and 31' 32". Calculate the eccentricity of the* earth’s orbit. 

3. (a) Show that the atifibspheric refraction of a heavenly body varies 
as the tangent of the apparent zenith distance, temperature and pressure 
being constant. 

(6) Assuming the horilbntal parallax flP^the moon to be 1/60, and 
her apparent diameter to be 1,963", find the moon’s diameter in miles, the 
earth’s radius being 4,000 miles. 

4. (a) Prove that the least possible number of eclipses in a year is twe, 
b^h*of the sun. 

I (6) Find the declination of the sun when twilight begins to last all 
nighf at Dublin (lat. SSoacr).'' * 

^ 5. (a) Define equation of time, and prove that (length of afteyioon)-^ 

^length of morning) s 2 (equation of time). 

{b) Find the sidereal time corresponding to 8h. 15m. 40s. P.M. on 
Dec. 20, given that the sidereal time of mean noon was 17h. 55m. 8s. 


Andhra University 

1940. 

1. (a) Define the terms — Prime vortical. Solstices, Azimuth. 

(6) Find the meridian altitudes of the sun at summer and winter 
solstices at Madras (lat. 13 '’4' North). 

^(c) The R.A. and Decl. of a star are 3h. 2m. and 40®38'I»J. At what 
time approximately will it cross the meridian of Madras on 9th November? 

2. (u) Explain the phenomenon of twilight and find its duration at the 

^npator during the equinox. ® 


&) Find the lowest latitude at which it is possible for twilight to last 
all night. 

3. Describe the transit instrument and enumerate its possible errors, 
ihow 4iow to use it for determining the R.A. of a celestial bodg. 

4. (e) Ou^ne a method of determining the position of the first point 
f Aries. 


t 
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(&)' Find approximately at what times on 1st March the ecliptic wil( 
pass through tho East and West points of Madras? What are its inclina- 
tions to the horizon then? ^ 

5/ {a) State Kepler's Laws of planetary motion. 

(0) The apparent diameter of the sun* when least is 31' 32'' and wheOi 
greatest is 32' 35". Calculate the eccentricity of the earth's orbit ijound. 
the huii. 

6. Explain the phenomenon of Astronomical refraction. Indicate with, 
reasons, tlie efloct of refraction on (1) the apparent position of a celestial 
body (2) the times of rising and setting of the sun (3) the apparent shape 
of the full moon when rising or setting. 

7. (n) Describe the method of finding the longitude of a place. 

(6) A chronometer is set by the standard clock at Greenwich at 
6 A.M. It IS then lakeu to a place A and ‘Indicates noon when the local 
time is llhr. 49m. 50s. The chronometer is then brought back to 
Greenwich on the same day and indicate^ 9 P.M. when the correct time is- 
8h. 59ifi. 55s. Find the loK^ude of A, assfming the rale of error of the 
chronometer to be uniform. 

8. O What is meant by the synodic period of the Moon's nodeo? 
Find its duxation, given that the moon’s nodes have a retrograde motion of 
19 “21' per annum. 

{0) Expli^n how sometimes three eclipses occur within a mon 

9. Account for tho following : — 

(f) Venus exhibits all the phases presented by the Moon, but 

is alw^ays either full or gibbous. 

(6) The sidereal clock is not fit for civil purposes. 

(c) The moon always presents practically the same face to the- 

eaith. 

(d) A Solar eclipse is visible only for a small portion of the earth,. 

whereas a lunar eclipse is visible for more than half the earth 

at the same time. 


1944. 

1. (c) Show that the latitude of a place is equal to the altitude of the 

celestial pole. ^ 

(5) Show with the aid of a diagram, that the sum of the hour angle 
of A star and its R.A. is equal to the local sidereal time. < 

(c) Find the altitude of the star Capella (Decl.s9 45“56'N) at ^wsr 
transit if at upper transit the star is in the zenith of the place. At what 
* latitude is the star jiist circumpolar? 

2. (a) Describe the equatorial and mention the uses of the instrument.*^- 
(5) Tke observed times (by a sidereal clock) of consecutive transits of I 

a star whose B.A. is 13h. 51m. 14.3s. are tSh, SOln. 36.58. emd 13h. 60m. ' 
37.1s. Find the rate of the clock. f 


( 


Mats?* 
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3. (a) If at. 3 be the Sun’s R.A. and Decl., \ his longitude and a> 
the obliquity of the ecliptic prove that 

cos\=cos< cos 3 and tan \=^tan3t sec OD« 

(&) Find the latitudes at which ecliptic is perpendicular to the horizon 
at some time during the day. What is then the local sidereal time? 

4. (a) Explain what is meant by the equation of time and show that it 

vanishes 4 times a year. ^ 

(6) The equation of time dh a certain day was —4m. 30a. and the sun 
rose at 5h. 21m. 30s. on that day. Find the time of sun-set. 

5. (a) Compare tlio effects of Geocentric parallax and Astronomical 
Refraction on the position of a heavenly body. 

(b) At meridian transit in latitude 51'*31^N the observed Z.D. of the 
moon’s upper limb is 35*fiO'4S", the moon’s semi-diameter is 16'9" and 
the horizontal parallax is 59T6^. Taking refraction into account find th» 
mpon’s declination. (Take the co-efficient of refraction =58’’.2). 

6. (a) State Kepler’s laws^of planetary and show how the third! 

law enables the determination of the mass ot*a planet which possesses a 
satellite. 

{b) The synodic period of Mars is 780 days and the radius cOits orbit 
(assumed circular) is 1.52 times the radius of the earth’s orbit. Calculate 
phase at quadrature (//) its elongation 195 days before opposition. 

1. (a) Explain the terms^lunation, metonic cycle^ age of the mooiv 
moo' s librations. 

(5) The moon is observed at a certain instant to be on the z^eridian, 
3/4 full, and with the bright limb to the west. Find the age of the moon' 
and the approximate time of the day. 

8. {a) Explain what is meant by the constant of aberration and 
describe a method of finding it by observation. What is the relation 
between this constant and the solar parallax? 

(6) Show that a star lying on the great circle joining the poles of thn 
equator and the ecliptic has no precession in declination. 

9. {a) Name five stars of the first magnitude and the constellation in 
vhich they lie. 

(5) Write short notes on : Saros, Transit of Mercury, Standard 


Agra University 

ie4$. 

1. {a) Represent very neatly and carefully on one diagram the celestial * 
equator, horizon, ecliptic, the latitude, declination, right ascension, hour 
angle «and azimuth of a star. ^ 

(3) Under what conditions would the azimuth* of a star remain 
|Constant from rising to transit? 
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2. Prove the following statement, connecting the mean time at a 
given meridian with the corresponding sidereal time ; — 

Sidereal time = mean time + mean sun's R.A. 

Assuming that on a certain day at Greenwich the B.A. of the mean 
^un was lOhr. at 12 0* clock find, for a place whose longitude is 60® west, 
the time by an ordinary clock on the same day, when the time by an 
4 istroiiomical clock at the place was 14hr. You may assume that a si&ereal 
day contains 23h. 55m. 4s. mean time. 

3. Define the terms iuiiation’ and the cycle of Meton. 

Verify the following statement ; — 

‘At the end of 10 years the sun and the moon return to the same 
relative position with regard to the fixed stais and the full moons fall 
«gain on the same days of the month and oi^y one hour sooner’. 


1943. 

1. (u) What is twilight? Find the conditions for twilight to last over 

4iH night. 5*^* 

{b) Find the duration of twilight at the equator during the 
«quinoMs. 

2. (A) State Kepler’s laws of motion. 

Deduce the third law of Kepler from the gravitational law. 

(6) Prove thai the velocities of any two planets are connected 
their distonces from the sun by the relation 

V _-Jr' 

V' Vi 

3. (a) What is the equation of time? Show that it vanishes four 
times a year. 

(3) Find the mean solar time at Madras (longitude = 80 ®1419'’E) 
■coiresponding to apparent time 8 P.M. there on September 6th, 1893, being 
given the following from the ‘Nautical Almanac’ for 1893. 

At Greenwich mean nfion 

Equation of time on September 6th = — l min. 52.42 sec. 

Equation of time on September 7th=->2 min. 12.42 sec. 


1935. 


Dacca Dniveraity 


^ 1. Define the terms : equinoxes, solstices, equinoctial and solstitial^ 
points, equinoctial and solstitial colures. 

What are the dates of the equinoxes and solstices, and what are the 
^corresponding values of the sun’s declination, longitude and right ascension. 

2. Explain the cause of the seasons. What would be their charactqr^ 

if the earth’s axis were at right angles to the ecliptic. f 

3. What is a 'circumpolar star? Show that the altitude cf a circum- 
polar star is greatest or least when the star is on the merTdian. 
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Define the latitude of a place and show how it can be detemdned by 
the transits of a circumpolar star over the meridian. 

4. What do you understand by the ftinual aberration of a star? 

Prove the following : * 

(t) Annual aberration produces a displacement in the apparent 
position of a star towards a point on the ecliptic 90* behind! 
the sun. 

(it) The amount of displacement varies as the sine of the earth'a 
way. 

(lii) A star, situated at the pole of the ecliptic, will, in the course- 

of a year, appear to revolve round its true position in a circle- 

whose angular radius is 20.49''. 

5. Define sidereal time, mean solar time, equation .of time. 

Draw a diagram of ih% celestial sphere, and show on it the angles 

which measure sidereal time, mean solar time, the R.A. of the mean su.i,. 

apparent solar time and the equation of time. 


1936. 

1. Define the terms : Celestial pole, Celestial meridian,^^elestial 

latitude, Celestial longitude and Hour angle. 

^ind the hour angle of the sun at sun^rise on 21st March. 

Y. Prove the formula for atmospheric refraction. 

tfhow how the constant refraction can be determined liy the- 

nb* ivation of a circumpolar star, when the latitude of the place is known. 
' • 

3. What is twilight? Find the condition that twilight may last alf 

night. Can twilight last all night at Dacca? 


4. Define the terms : annual parallax, diurnal parallax and 
horizontal parallax. 

Describe a method of determining the annual parallax of a star. 

5. Define 'the solar and lunar ecliptic limits*. 

Find the least possible number and the greatest possible number of 
eclipses during a year. 
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Calcutta University Honours Papers 


1946. 


1/ Describe a transit instrument and define accurately its line of 
ocllimation. 


State the conditions which must be fulfilled in order that a transit 
instrument may be in perfect adjustment. * 

In the case of Deviation error will the method of correction with the 
help of circumpolar stars be available everywhere? If not, why not? 

If the western pivot of a. transit instrument be " higher and 
more to the north than the eastern, show that a star is unaffected who.^e 


/ tan 
Vtan /3/ 


I^.P.D. ia = Colat-htan 

\tan /3J 

2. (a) Describe in detail Flamsteed’s method for finding the First 
point of Aries. What are the advantages of this method? Why is it that 
we can use the observed fin^l form of the result in this 

connection unoorrected fo]Pi•efractioS^? 

(b) Find the angle between the ecliptic and the equator in order 
that th^^ should be no temperate zone. 


3. (a) Define Geo-centric Latitude of a place. 

Show that the difference between geo-centric and geograr^^cal 
latitude of a place is approximately equal to ^e^sin 21 where I the 
geographical latitude of the place. 

(6) A railway train is moving north-east at 40 miles an hour Si 
latitude 60°. Find approximately, in numbers, the rate at which it is 
changing its longitude. 


4. (a) Define the equation of time. Show that the equation of time 
vanishes four times a year. 

(b) Find the B.A. of the sun at true noon on October 8, 1891 given 
that the equation of time for that day is — 12rn. 24s. and that the sidereal 
time of mean noon on ISlarch 21 was 23h. 54m. 52s. 


5. (a) What are the effects of atmospherical refraction on the rising 
and setting of a celestial body? • 

Shew that at the Earth’s equator at an equinox the time of sun-rise is 
accelerated by about 2m. 12s. owing to ref i action. 


(b) Show that twilight lasts all night about midsummer at any!:^>lac6 
'whose latitude is not less than 48|^°. Find the duration of twilight at the 
^uator at an equinox. ' ^ 

6. (or) Draw a neat sketch and find the limits of the Moon’s geoisentno 
position consistent with a Solar or Lunar eclipse. Explain with the help 
of your diagram why, on the whole, solar eclipses are more frequent than 
lunar. 


> 

(5)^ Supposing the centres of the Earth, Moon and Sun to be in 
straight line and the Moon’s and Sun’s semi-diameters to be exactly 17' and^ 
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16', find the angular radii of the circles on the Earth over which the ^cUpse 
of the Sun is toUl taking the relative horizontal parallax as 57'. 

1947. 

1. (a) Describe the Equatorial and explain the adjustments and 
piincipal uses of the instrument. 

(b) Can the clockwork by which the Equatorial is driven be 
regulated by an ordinary pendulum? Give reasons for your answer and 
explain how it can be properly regulated 

(c) What ii> a micrometer? How would you test the zero reading 

of the position circle? ^ 

2. (a) Show that the refraction of a heavenly body, the temperature 
and pressure being constant, varies as the tangent of the apparent zenith 
distance. Is the law true all zenith distances? If not, what is the 
approximate limit? 

(A) Find the latitude of a place at which the observed meridian 
zenith distances of a circumpiT'fir stqgl^^ie ^nd 22*18', given that 

the tangents of these angles are 1.09 and .41 %spectively. ^Take the co- 
efficient of refraction to be 53". 2. 

3. (a) Which is the nearest of the superior planets to Earth? It is 
saidn^hat two satellites of this planet were discovered on September 5, 1877. 
Wh^'Was that date particularly favourable for observing the planet? State 
any sinking peculiarity, you know of, about one of these Satellites. 

4 (A) What is the Synodic Period ot a superior planet? If there are 

378 days between two successive oppositions of Saturn, find the length of 
Saturn’s year. 

4. {o) Determine the Annual Parallax of a star by Bessel’s Method. 

Where must a star be situated so as to have no displacement due te 
parallax ? 

(A) The interval between eastern and western quadratures of Jupiter 
is 175 days and between two oppositions 400 days : find the annual parallax 
of the planet. 

5. (a) Explain, how it is that we see more than half the Moon’s 
surface. Explain the terms — node, phase, libration in connetion with the 
Moon. 

(A) How is the distance of the Moon determined by observations 
madc^ in the plane of the meridian ? Why cannot the Sun’s parallax be 
aeburately determined in this way? • 

61 (a) Account for the iphenomenon of a Lunar Eclipse. Show that 
it begins and ends at the same instant at all places from which it is visible. 

What is the greatest number of lunar eclipsis which can occur in 
s year J Give reasons for your answer. 

(A) Find roughly the maximum duration of an Alipse of the Moon 
ein^ the maximum dura^on of totality. 
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7. (<<) Sh6w that the equetion of time Tanishes four times e year. 

(6) Find the sidereal time at New York at 9h. 25m. Sls^ 

(local mean time) on the m^ing of September 1, 1891. 
f Given, Longitude St New York =74 ""W. 

Sidereal time of mean upon at Greenwich, Sept. l=10h. 42m. 24s«^ 


i94a. 

1. Describe a Transit Instrument. What is the line of collimation? 
When is the instrument said to be in perfect adjustment? 

How would you determine the Deviation Error by observing the 
transits of two known stars? 

What is the advantage of chosiiig two stars whose right ascensions 
are not widely different in the above method? 


2. Describe Flamsteed's Method for finding the First point of Aries. 
What are the advantages of this method? Explain them. 

What correction would ^ou make in using this method for 
precession ? ^ 

3. Define Heliocentric LatiXude and Longitude of a coVstial body, 
^i^how that the Earth's heliocentric longitude differs irom the sun'a 

geocentric longitude by ISO**. 

Prove that in the course of the year the sun is as long abc . 
hoiizon at anyji^ce as below it ,r' 

£x]^n how it is that winter is colder than summer althoi ^h the 
sun 1 ^ nearA ^ 

4. Define “Dynamical Mean Sun" and "Mean Sun". 


Discuss in some detail the causes of the equation of time. Obtain 
the relation between the lengths of morning and afternoon in terms of the 
equation of time. 

On a certain date the sun-dial is 16m. 20s. before the clock. 
Given that the sun rose at 6h. 54m. find the time of sun-set. 


5. Show that there may be as many as seven eclipses in a year namely 
either five solar and two lunar or four solar and three lunar under most 
favourable circumstances 


Why IS the Moon seen throughout a total eclipse? 

What IS the saros of the chaldeans? 

V ^ 

6% Compare the corrections for aberration and annual parallax. ^^How 
ipust a star be situated so as to have no displacement due to (n) aberratiou, 
(6) parallax? 

Obtain a relation between the co-efficient of aberration and the 
equation of light. ^ * 

Show that when a planet is stationary its position is unaffected 
aberratiofif 










